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BBT Best Beschikbare Technieken (Best Available Technical Measures 
to limit Legionella growth, Legionella guideline in Belgium) 
BES Building Energy Simulation 
DCW Domestic Cold Water 
CW Cold Water 
DHW Domestic Hot Water 
Dymola Dynamic Modeling Laboratory 
HAI Hospital Associated Infection 
HPC Heterotrophic Plate Count 
HVAC Heating, Ventilation, Air Conditioning, Cooling 
REHVA Federation of European Heating, Ventilation and Air Conditioning 
Associations 
VBNC Viable But Non-Culturable 
WHO World Health Organisation 
WTCB/BBRI/CSTC Wetenschappelijk en Technisch Centrum voor het 
Bouwbedrijf/Belgian Building Research Institute/Centre 
Scientifique et Technique de la Construction. It is a private 
research institute founded in 1960 under impulse of the National 
Federation of Belgian Building Contractors. It was founded to 
conduct applied research in the construction industry, in order to 
improve the Belgian competitiveness. 
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Symbols 
B(T) [-] Function depending on water temperature, the species of the 
organism and the chemical nature of water 
C0 [cfu/m³] Start concentration of L. pneumophila in water entering system 
C(t) [cfu/m³] Concentration of L. pneumophila in water at time t 
Cprevious [cfu/m³] Concentration of L. pneumophila in water on previous  timestep. 
Cprevious = C0 on first timestep. 
Cin(t) [cfu/m³] Concentration of L. pneumophila in water entering system 
Cout(t) [cfu/m³] Concentration of L. pneumophila in water leaving tap 
Cb,in(t) [cfu/m³] Concentration of L. pneumophila entering biofilm 
Cb,out(t) [cfu/m³] Concentration of L. pneumophila in water leaving biofilm 
Cb(t) [cfu/m³] Concentration of L. pneumophila in biofilm at time t 
Cb, previous [cfu/m³] Concentration of L. pneumophila in water on previous  timestep. 
Cb,previous = C0 on first timestep. 
𝑐𝑣  [J/kg·K] Heat capacity 
dC(t)/dt [cfu/s] Changing concentration of L. pneumophila over time 
dCb(t)/dt [cfu/s] Changing concentration of L. pneumophila in biofilm over time 
D [m] Tube diameter 
g [m/s²] Acceleration due to gravity 
K [cfu/m³] Carrying capacity 
k [W/m·K] Thermal conductivity 
?̇?(t) [cfu/s] Change in concentration of L. pneumophila due to growth or 
death 
?̇?𝑏(𝑡) [cfu/s] Change in concentration of L. pneumophila in biofilm due to 
growth or death 
P [Pa] Total pressure 
Qin(t) [kg/s] Mass flow rate of L. pneumophila in water entering system 
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Qout(t) [kg/s] Mass flow rate of L. pneumophila in water leaving tap 
Qb(t) [kg/s] Mass flow rate of L. pneumophila entering/leaving biofilm 
?̇? [W/m³] Volumetric energy generation rate 
t [s] Time 
T [K] Absolute temperature 
Vp [m³] Volume of water in pipe 
Vb [m³] Volume of biofilm in pipe 
V [m/s] Mass-average velocity for multicomponent mixture 
μ [Pa·s] Viscosity 
ρ [kg/m³] Mass density of mixture 
Φ Function of fluid viscosity and shear strain rates 
Units 
cfu/l Colony forming units per litre 
cfu/m³ Colony forming units per cubic meter 
kg/s Mass flow rate 
l/s Volume flow rate 
m³/h Ventilation flow rate 
Subscripts and superscripts 
Min Minimum 
Max Maximum 
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Samenvatting 
-Summary in Dutch- 
SAMENVATTING 
Warm water installaties komen voor in residentiële gebouwtypes zoals woningen, 
appartementen, hotels, bejaardentehuizen maar ook in sportfaciliteiten, ziekenhuizen, spa’s en 
andere. Door de steeds strengere energieperformantie-eisen voor gebouwen zijn het 
isolatieniveau en de luchtdichtheid van een gebouwschil almaar beter geworden. Met als gevolg 
dat de productie van residentieel warm water een steeds belangrijker aandeel is gaan innemen 
in de totale energievraag van goed geïsoleerde en luchtdichte gebouwen, en dat terwijl ze 
relatief weinig innovatie kende in de voorbije jaren. Gemiddeld is er per bewoner 800kWh per 
jaar nodig voor de productie van warm water. Deze vraag blijft ongewijzigd, terwijl de 
energieperformantie-eisen stellen dat de totale energievraag voor verwarming, koeling en warm 
water tegen 2020 moet gereduceerd worden tot 1/3 van het niveau van 2006. 
Eén van de belangrijkste redenen voor de hoge energievraag is dat residentieel warm water 
geproduceerd, gestockeerd en verdeeld wordt aan temperaturen boven 60°C. Zo wordt het risico 
beperkt dat het residentiële warmwatersysteem besmet zou worden met Legionella 
pneumophila. Legionella pneumophila is een aerobe gramnegatieve bacterie die bij blootstelling 
een acute luchtwegaandoening (Pontiac Griep) of ernstige longontsteking (Veteranenziekte) kan 
veroorzaken. Boven de temperatuur van 60°C wordt de groei van de Legionella pneumophila 
bacterie gestopt en worden de overblijvende bacteriën op een doeltreffende wijze gedood. Voor 
de meeste toepassingen van residentieel warm water, zoals douchen en handen wassen, zijn 
slechts temperaturen tussen 30 en 40°C vereist. De ongelijkheid (tussen 60°C en 30 à 40°C) 
verdubbelt het temperatuurverschil tussen het warmwatersysteem en haar omgeving. Dit heeft 
nadelige gevolgen op het distributieverlies van het systeem en op de efficiëntie van 
warmwaterproductie-eenheden, zoals warmtepompen. 
Op vlak van energiegebruik en gezondheid ligt er veel potentieel in het verbeteren van het 
ontwerp en de regeling van residentiële warmwatersystemen. De huidige ‘state of the art’ is 
gefragmenteerd. Vele aspecten van Legionella pneumophila groei zijn weliswaar goed 
gedocumenteerd maar er ontbreekt een algemeen kader dat toelaat om de kennis samen te 
brengen en om de aanwezige Legionella pneumophila concentratie in residentiële 
warmwatersystemen correct te kunnen voorspellen. Dit belemmert de optimalisatie van het 
ontwerp van residentiële warmwatersystemen, zowel in theorie als in de praktijk. De strikte en 
hoge ontwerptemperaturen resulteren in frustrerende energie-efficiëntie ambities. Door in de 
praktijk blind voor ‘aanvaardbare’ ontwerpopties te kiezen, worden er bovendien 
onverantwoorde risico’s genomen. In geval een systeemcontaminatie wordt vastgesteld, gebeurt 
de decontaminatie bovendien min of meer op een ‘trial and error’ basis, wat heel tijdrovend, duur 
en vooral onveilig is. 
Het algemene maatschappelijke doel van dit proefschrift is om de energievraag voor warm water 
te verlagen en tegelijkertijd het Legionella pneumophila contaminatierisico laag te houden. Dit 
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kan gedaan worden door het ontwerp en de regeling van warmwatersystemen te verbeteren aan 
de hand van simulatiemodellen. Om een simulatiemodel te kunnen maken dat de groei van 
Legionella pneumophila in dergelijke systemen voorspelt, is het noodzakelijk om een model op 
schaal van een warmwatersysteem te maken, inclusief warmwatercomponenten. In deze 
doctoraatsthesis worden modellen voor thermohydraulische warmwatercomponenten (leiding, 
boiler,…) ontwikkeld in Modelica. Modelica is een open source modelleertaal die op vergelijkingen 
gebaseerd is. De componentmodellen worden uitgebreid met biologische vergelijkingen 
(deelmodellen) voor Legionella pneumophila groei in water, Legionella pneumophila groei in 
biofilm en de uitwisseling tussen beide. De componentmodellen worden gecombineerd tot 
systeemmodellen door ze te verbinden met elkaar en door ze verder met reële modelparameters 
te configureren. Het doel van dit proefschrift is om een gekoppeld thermohydraulisch en 
biologisch simulatiemodel te ontwikkelen dat kan worden gebruikt in de volgende situaties: 
 Het simulatiemodel laat toe om Legionella pneumophila groei te onderzoeken in de 
ontwerpfase van een residentieel warmwatersysteem. 
 Het model maakt het mogelijk om de doeltreffendheid van decontaminatietechnieken 
op een geïnfecteerd systeem te testen. 
 Binnen het doctoraat streven we er verder naar om een controle-optimalisatie 
algoritme te implementeren dat het mogelijk maakt om een lagere setpunt 
comforttemperatuur te combineren met een dynamisch warmteschokregime. 
Het biologische Legionella pneumophila groeimodel heeft een toegevoegde waarde in 
vergelijking met traditionele thermohydraulische simulatiemodellen. Klassieke, best beschikbare 
technieken zouden ook met simulaties van enkel de watertemperatuur kunnen geëvalueerd 
worden, maar de toegevoegde waarde van het biologische groeimodel ligt net in het feit dat het 
dynamische methoden voor Legionella bestrijding (zoals warmteschokken) kan evalueren. Door 
een simulatiemodel te ontwikkelen dat het mogelijk maakt om concentraties dynamisch te 
voorspellen, zullen HVAC ontwerpers hun ontwerp grondig kunnen evalueren qua Legionella 
pneumophila groei, de temperatuurregimes kunnen optimaliseren, betere hydronische 
regelingen kunnen kiezen en de energievraag voor residentiële warmwaterproductie kunnen 
verlagen. 
Aanvullend op het modelleerwerk wordt het model gevalideerd aan de hand van metingen in 
labo en in situ. Een proefopstelling werd gebouwd door het Wetenschappelijk en Technisch 
Centrum voor het Bouwbedrijf (WTCB). De proefopstelling werd geïnfecteerd met Legionella 
pneumophila. De opstelling laat toe om experimenten uit te voeren om thermische 
decontaminatieprocedures te testen, om de verschillende submodellen en het volledige model 
te valideren en te verbeteren, om te zien of alle relevante parameters om Legionella 
pneumophila groei te voorspellen accuraat gemodelleerd zijn en om de veronderstellingen af te 
toetsen die gemaakt werden om de lacunes in de beschikbare kennis te dichten. 
Naast de modelvalidatie met de testopstelling worden in situ metingen van temperatuur, debiet, 
gebruiksprofielen en Legionella pneumophila concentraties uitgevoerd op verschillende locaties 
in het residentiële warmwatersysteem van zes appartementsgebouwen. Dit komt overeen met 
twee case studies, één met twee appartementsgebouwen waar geen Legionella pneumophila 
aanwezig is en een andere met vier appartementsgebouwen die wel gecontamineerd zijn met 
SAMENVATTING  XVII 
Legionella pneumophila. Dit stelt ons in staat om in het voorgestelde thermohydraulische model 
temperatuur en debiet parameters te valideren voor randvoorwaarden die gelijkaardig zijn aan 
die in de case studies. Het laat toe om de submodellen te checken: door Legionella pneumophila 
punctueel te monitoren zien we of alle relevante parameters voor de groei ervan grondig 
voorspeld zijn. 
Eens het model thermohydraulisch en biologisch gevalideerd is, wordt de groei van Legionella 
pneumophila in de warmwatersysteemconfiguraties van de twee case studies beoordeeld. Een 
optimalisatiestudie wordt uitgevoerd waarbij gezocht wordt naar evenwicht tussen enerzijds 
contaminatierisico en anderzijds energie-efficiëntie. Nieuwe richtlijnen voor ontwerp en 
decontaminatie worden voorgesteld. 
 
Dit onderzoek wordt gefinancierd door het Instituut voor Innovatie door Wetenschap en 
Technologie (IWT/VLAIO), doctoraatsbeurs strategisch basisonderzoek (SB), project 141608. 
SUMMARY  XIX 
Summary 
SUMMARY 
Domestic hot water is an important building service in residential building typologies such as 
dwellings, apartments, hotels, retirement homes, as well as in sports facilities, hospitals, spas 
etc. With ever improving insulation levels and air tightness of building envelopes due to the 
tightening of energy performance requirements for buildings, the production of domestic hot 
water, which has seen comparatively little innovation, now has an important share in the total 
energy demand of well insulated and air tight buildings. On average, about 800kWh per occupant 
per year is needed for domestic hot water production. This demand remains unchanged, while 
projected energy performance requirements for 2020 state to reduce the total energy demand 
for heating, cooling and domestic hot water production to 1/3 of what it was in 2006. 
One of the main reasons for the high energy demand is that domestic hot water is produced, 
stored and distributed at temperatures above 60°C to mitigate the risk of contaminating the 
domestic hot water system with Legionella pneumophila. Legionella pneumophila is an aerobic 
gram-negative bacterium that, upon exposure, causes acute respiratory disease (Pontiac Fever) 
or severe pneumonia (Legionnaires’ Disease). At these temperatures, Legionella pneumophila 
bacteria growth is stopped and remaining bacteria are effectively killed. For most of the 
applications of domestic hot water, like taking a shower, washing our hands, temperatures of 
only 30-40°C are required. This disparity (between 60 and 30-40°C) doubles the temperature 
difference between the domestic hot water system and the environment and has a detrimental 
effect on distribution heat losses and the efficiency of domestic hot water production units, such 
as heat pumps. 
A large potential exists to improve the design and operation of domestic hot water systems in 
buildings with respect to energy use and health. The current state of the art is disperse. Many 
aspects of Legionella pneumophila growth are well documented, but there is no general 
framework that allows bringing them all together and performing an actual prediction of the 
Legionella pneumophila concentration in domestic hot water systems. This impedes the 
optimisation of domestic hot water system design, both on a principal and a case by case basis, 
resulting both in frustrated energy efficiency ambitions by strict and high design temperatures 
and unaccounted risk taking by blindly choosing 'acceptable' design options in practice. 
Additionally, in contamination cases, decontamination is carried out more or less on a trial and 
error basis, making it very time consuming, costly and above all unsafe. 
The overall social purpose of this doctoral thesis is to lower the energy demand for domestic hot 
water whilst obtaining a low Legionella pneumophila contamination risk. This can be done by 
improving design and control processes of domestic hot water systems through the use of 
simulation models. To be able to make a simulation model that predicts growth of Legionella 
pneumophila in such systems, it is necessary to make a model on domestic hot water system 
scale level including domestic hot water system components. In this PhD, thermohydraulic 
domestic hot water component models (pipe, boiler,…) are developed in the open-source, 
equation-based modelling language Modelica. These component models are extended with the 
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biological equations (sub models) for Legionella pneumophila growth in water, Legionella 
pneumophila growth in biofilm and the exchange between both. The component models are 
combined into system models through the use of connections and are further configured using 
real model parameters. The aim of this doctoral thesis is to make a coupled thermohydraulic and 
biological simulation model that can be used in following situations: 
 The simulation model allows investigating the Legionella pneumophila growth in the 
design phase of a domestic hot water system. 
 It is possible to test the effectiveness of decontamination techniques on a 
contaminated system. 
 Within the PhD we further aim to implement a control optimisation algorithm that 
allows a lower set point temperature in combination with a dynamic heat shock 
regime. 
The biologic Legionella pneumophila growth model has an added value compared to traditional 
thermohydraulic simulation models. The evaluation of classic best available technical measures 
could also be done on the basis of only water temperature simulations, but the added value of 
the biological growth model lies in the possibility to evaluate dynamic methods for Legionella 
control (such as heat shocks). By developing a simulation model that allows predicting the 
concentrations in dynamic conditions, HVAC designers will be able first to thoroughly assess the 
Legionella pneumophila growth associated with their design and secondly to optimise the 
temperature regimes, choose better hydronic controls and reduce the energy demand for 
domestic hot water production. 
In addition to the modelling work, the model is validated based on laboratory and field 
measurements. A test rig has been constructed by the Belgian Building Research Institute (BBRI). 
The test rig has been contaminated with Legionella pneumophila. The test rig serves to run 
experiments that allow testing thermal decontamination procedures, that may also be used to 
validate and improve the different sub models, as well as the complete model, to see if all 
relevant parameters for the prediction of Legionella pneumophila growth are accurately 
modelled and to test the assumptions that have been made to close the gaps in available 
knowledge. 
Besides model validation on the basis of the test rig, on-site measurements of temperatures, flow 
conditions, use profiles and Legionella pneumophila concentrations are performed on several 
locations within the domestic hot water systems of six apartment buildings of which one case 
study of two apartment buildings without Legionella pneumophila present and another case 
study of four apartment buildings contaminated with Legionella pneumophila. This allows us to 
validate temperature and flow condition parameters in the proposed thermohydraulic model for 
boundary conditions similar to the ones in these projects. It permits to check the several sub 
models by punctual monitoring of Legionella pneumophila to see if all relevant parameters for 
Legionella pneumophila growth are predicted thoroughly. 
With the thermohydraulically and biologically validated model, the Legionella pneumophila 
growth in these two domestic hot water case study system configurations is assessed and new 
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design and decontamination guidelines are proposed based on an optimisation study that 
determines the trade-off between contamination risk and energy efficiency. 
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1.1 Background 
1.1.1 Legionella phenomenon 
In 1976 the first literature about Legionella appeared in response to the first documented 
outbreak in Philadelphia. Over the last two decades little research has been published on the 
progress in knowledge on the Domestic Hot Water (DHW) system contamination process of 
Legionella pneumophila and decontamination techniques with a combined engineering-
biological point of view on DHW system level. Recent studies focus merely on the pure biological 
aspect. Brundrett gave a complete overview in 1992 [1], hereafter very few updated overview 
works have been published on the topic. 
The Legionella bacterium delivers its name from an outbreak at the American Legion’s 
Convention at the Bellevue Stratford Hotel in Philadelphia in July 1976. 221 American Legion 
Members were struck with severe pneumonia, of whom 34 died [2]. This form of pneumonia was 
called Legionnaires’ Disease and when the bacterium causing it was finally identified, it was 
termed Legionella. It was not the first outbreak. It is known from stored tissue that this bacterium 
was responsible for mystery illnesses 50 years ago. Prior to 1976 there had been an outbreak in 
the St. Elizabeth’s Hospital in Washington DC where 81 patients became ill, 14 of whom died. 
Another outbreak in the same Bellevue Stratford Hotel in Philadelphia was in 1974 at an 
Oddfellows Convention where 20 attendees got ill, two of whom died. 
L. pneumophila is an aerobic gram-negative bacterium. 39 different species of Legionella have 
been identified. The most common Legionella species is L. pneumophila. Legionella exists as part 
of the natural microbial flora of many aquatic ecosystems. L. pneumophila species appear in most 
water supplies like lakes, ponds and rivers in low concentration and in dormant stage, but 
Legionella bacteria from natural habitats can be increased remarkably in man-made hot water 
systems where the temperature is optimal for their growth and can reach a dangerous 
concentration [3]. Therefore, to obtain more energy efficient and healthy DHW systems, it is 
necessary to look at the interactions between L. pneumophila bacteria and the DHW system. That 
is why the literature review is focused on connections between DHW engineering and the 
biological behaviour of Legionella bacteria. 
1.1.2 Getting sick - Legionella pneumophila induced diseases 
L. pneumophila is the most dangerous Legionella species for humans, it is able to induce two 
kinds of illnesses that appear two to ten days after exposure. One is Legionnaires’ Disease, a life 
threatening pneumonia against which the victim requires urgent medication. The other disease 
caused by the species is Pontiac Fever, named after an outbreak in Pontiac, Michigan in 1968. This 
variant is an acute respiratory disease that is flue like, non-pneumonic and non-fatal. It was only 
after 1976, after the outbreak in Philadelphia, where Legionella was discovered, that public 
health officials were able to ascertain that the same bacterium caused the previous outbreaks of 
Pontiac Fever [4]. 
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1.1.3 How to get sick? - Legionella pneumophila infection route 
The human infection route consists of four critical steps, all of which need to be fulfilled to create 
a severe risk of illness or death of people exposed to L. pneumophila. 
The first critical step to get a L. pneumophila infection is obviously the presence of 
L. pneumophila in the hydraulic system. This is the subject of this PhD. L. pneumophila needs 
beneficial conditions to multiply and reach a dangerous concentration before aerosolation. 
The second step is the victim’s condition, people who have a reduced resistance against illnesses 
(pulmonary-related illness, immuno-suppression, and chronic respiratory or renal illnesses) are 
more susceptible, as well as very young children, elderly, men and smokers [5]. L. pneumophila 
is known to be more dangerous to people aged above 50 years, of the reported cases 75-80% are 
[6]. Males are three times as likely to catch the disease [6]. It is thought that this may be a result 
of typical occupations, lifestyle and possibly lung size. The chances of infection are higher for 
people with lung damage or other illness. Legionnaires’ Disease is a common Hospital Associated 
Infection (HAI) because the patient’s immune system is often compromised. Furthermore the 
type of systems present in hospitals are circulation systems which are more vulnerable to 
Legionella infection. The incidence of community-acquired Legionnaires’ Disease varies widely 
according to the level of surveillance and reporting. Since many countries lack appropriate 
diagnostic methods or sufficient surveillance systems, the rate of incidence is unknown. In 
Europe, Australia and the USA there are about 10-15 cases detected on 1 million [6]. Several 
experts state that many incidents go unreported [7]. People die from Legionnaires’ Disease if it 
is diagnosed late or inappropriate antibiotics are given. The death rate is usually within the range 
of 5 to 10%, it becomes higher with increasing age and when suffering from co-occurring diseases. 
Immuno-suppressed patients have death rates of 40 to 80% when Legionnaires’ Disease is 
untreated, for these patients it can be reduced to 5 to 30% when treated.  
The third critical step to get a L. pneumophila infection is inhaling L. pneumophila, therefore 
L. pneumophila must be aerosolised, meaning it is captured in small droplets that float in air. 
Aerosols are formed by showers, aerated faucets, misters, humidifiers, whirlpool bathtubs, 
vegetable sprayers, handheld sprayers and water features. As a precaution, it is therefore 
recommended to use laminar flow aerators or no aerators on faucets in for example hospitals. 
Another, fourth, critical upstream step in the infection route occurs when the infected aerosols 
reach the smallest parts of the lungs; the alveoli. From here L. pneumophila bacteria can reach 
the bloodstream. 
1.2 Problem statement 
DHW systems are an important part of building services in residential building typologies such 
as dwellings, apartments, hotels, retirement homes, as well as in sports facilities, hospitals, spas 
etc. [8]. With ever improving insulation levels and air tightness of building envelopes due to the 
increasingly severe energy performance requirements for buildings, the DHW production, which 
has seen comparatively little innovation, now dominates the total energy demand of well 
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insulated and air tight buildings (Figure 1.1). On average 15kWh/m² a year is needed for DHW 
production [9], this is the blue bar in Figure 1.1. This demand remains unchanged over the years, 
while projected energy performance requirements for 2020 state to reduce the total energy 
demand for heating, cooling and DHW production to 1/3 of what it was in 2006.  
 
Figure 1.1 Comparison of heating demand (ventilation, transmission and DHW) for buildings of different age 
and energy efficiency level. The comparison is based on a one-family house of 150m² (A/V=0.84) with three 
to four occupants in Germany (adapted from [10]). 
One of the main reasons for the high energy demand is that DHW is produced, stored and 
distributed at temperatures at or above 60°C to mitigate the risk of contaminating the DHW 
system with L. pneumophila. At these temperatures, L. pneumophila is effectively killed. For most 
of the DHW applications, like taking a shower, temperatures of only 30-40°C are required. This 
disparity (between 60°C and 30-40°C) doubles the temperature difference between the DHW 
system and the environment, which causes high distribution heat losses, and has a detrimental 
effect on the efficiency of DHW production units. Heat pumps for example could be 20 to 25% 
more efficient at lower temperatures. 
The 60°C temperature limit has been established by investigating the growth dynamics of 
L. pneumophila in laboratory conditions and studying contamination cases [11], [12], [13]. At 60°C, 
90% of L. pneumophila is effectively killed in half an hour and the DHW system is considered safe. 
1.3 Objectives 
The overall social purpose of this doctoral thesis is to lower the energy demand for DHW whilst 
obtaining a low L. pneumophila contamination risk. This can be done by improving design and 
control processes of DHW systems through the use of simulation models. To be able to make a 
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Transmission heating demand (losses through the building envelope)
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simulation model that predicts L. pneumophila growth in such systems, it is necessary to make a 
model on DHW system scale level including DHW system components. Therefore, the aim of this 
doctoral thesis is to make a coupled thermohydraulic and biological simulation model that can 
be used in following situations: 
 The simulation model allows investigating the L. pneumophila growth in the design 
phase of a DHW system. 
 It is possible to test the effectiveness of thermal decontamination techniques on a 
contaminated system. 
 Within the PhD we further aim to implement a control optimisation algorithm that 
allows a lower set point temperature in combination with a dynamic heat shock 
regime. 
 
The L. pneumophila growth model has an added value compared to traditional thermohydraulic 
simulation models. The evaluation of classic best available technical measures could also be done 
on the basis of only water temperature simulations, but the added value of the biological growth 
model lies in the possibility to evaluate dynamic methods for Legionella control (such as heat 
shocks). 
The model is validated based on laboratory and field measurements. A test rig has been 
constructed by the Belgian Building Research Institute (BBRI). The test rig has been contaminated 
with L. pneumophila. It serves to run experiments that allow testing thermal decontamination 
procedures, that may also be used to validate and improve the different sub models, as well as 
the complete model, to see if all relevant parameters for the prediction of L. pneumophila growth 
are accurately modelled and to test the assumptions that have been made to close the gaps in 
available knowledge. Besides model validation on the basis of the test rig, on-site measurements 
of temperatures, flow conditions, use profiles and L. pneumophila concentrations are performed 
on several locations within the DHW systems of six apartment buildings (one case study of two 
apartment buildings without L. pneumophila presence and another case study of four apartment 
buildings contaminated with L. pneumophila). This allows us to validate temperature and flow 
condition parameters in the proposed thermohydraulic model for boundary and use conditions 
similar to these projects. It permits to check the several sub models by punctual monitoring of 
L. pneumophila to see if all relevant parameters for L. pneumophila growth are predicted 
thoroughly. With the thermohydraulically validated model, the L. pneumophila growth in these 
two DHW case study system configurations is assessed and new design and decontamination 
guidelines are proposed based on an optimisation study that determines the trade-off between 
contamination risk and energy efficiency. 
By developing a simulation model that allows predicting the concentrations in dynamic 
conditions, HVAC designers will be able first to thoroughly assess the L. pneumophila growth 
associated with their design and secondly to optimise the temperature regimes, choose better 
hydronic controls and reduce the energy demand for DHW production. Besides, L. pneumophila 
growth simulation can result in a more accurate prediction of the concentration of 
L. pneumophila bacteria and can be a firm and scientific base for updating existing standards and 
guidelines. 
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1.4 Literature review 
1.4.1 Subject of literature review 
The overall research objective is to lower the energy demand for DHW whilst obtaining a low 
contamination risk. To achieve this goal it is necessary to better understand the principles of a 
DHW system contamination process and decontamination techniques through the biological 
growth process of L. pneumophila. 
Over the last two decades little research has been published on the progress in knowledge of the 
beneficial conditions for L. pneumophila growth and the principles of L. pneumophila system 
contamination process, the effectiveness of water treatment techniques and modelling 
approaches with a combined engineering-biological point of view on DHW system level. Recent 
studies focus merely on pure biological aspects [14], [16]. To position this doctoral research within 
the current Legionella knowledge, a thorough literature review of existing papers has been 
performed in Section 1.4.2. 
In Section 1.4.3 an up to date overview is given of the beneficial growth conditions that 
L. pneumophila needs, to reach a dangerous concentration in the DHW system. However, the 
infective dose is unknown. The growth of L. pneumophila is influenced for example by lukewarm 
water, stagnation, presence of biofilm, an acid environment, pipe materials and the presence of 
nutrients and metals through for example dirt and traces of rust. 
Legionella is present in natural water supplies, but it are the man-made environments that 
provide conditions that stimulate Legionella growth. These conditions are reviewed in Section 
1.4.4. In the first place L. pneumophila should be avoided by taking some plumbing practices into 
account. 
Water treatment techniques, reviewed in Section 1.4.5, are preventing the amplification of 
L. pneumophila in the installation. The most common method in residential buildings is 
pasteurization. The temperature in the whole installation is kept continuously above 60°C to 
prevent beneficial situations for L. pneumophila growth. Another technique is shock 
decontamination. The whole installation is brought to a temperature above 60°C for a certain 
time. The combination high temperature and time aims to kill Legionella species. Between each 
shock the temperature is lowered to be more energy efficient, a concept that is not yet 
recommended by the World Health Organisation (WHO) because it is still done by trial and error 
[15]. Literature on less used alternatives like UV radiation, copper-silver ionization and chemical 
treatment such as the addition of biocides are also compared. 
With the aim of building a Legionella predicting simulation model, the different possibilities to 
model L. pneumophila growth in water and in biofilm are investigated in Section 1.4.6. The three 
part models are discussed separately: modelling of L. pneumophila in water, modelling of 
L. pneumophila in biofilm, as well as the exchange of bacteria between biofilm and water. 
The literature review ends with a focus on the novelty of this doctoral thesis. 
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1.4.2 Literature statistics 
Since the 1970’s research on Legionella has been published. In Figure 1.2A published research 
about Legionella is shown over the years. When performing a literature search for keywords 
“Legionella” in scientific journals in all fields, meaning the word Legionella appears at least once 
in the whole paper, 15 589 results were found. The number of papers have been increasing from 
1979 to 2016. When looking for the more specific keyword "Legionella pneumophila" (all 
combinations of capitals) in all fields 7 615 results were found (Figure 1.2B). The curve is an offset 
of the curve in Figure 1.2A, meaning publications follow a similar evolution over time. 
 
Figure 1.2 A. Literature search on keyword "Legionella" in all fields gave 15 589 results. B. Literature search 
on keyword "Legionella pneumophila" in all fields gave 7 615 results. 
When looking in literature for keyword “Legionella pneumophila” in abstract, title and keywords 
of journal papers, meaning the words Legionella pneumophila appear at least once in the 
abstract, title or keyword sections instead of in the paper as a whole, 1 109 results were found 
from 1979 to 2016 with a peak in 2014 (Figure 1.3). 
 
Figure 1.3 Literature search on keyword "Legionella pneumophila" in abstract, title, keywords gave 1 109 
results. 
Recent studies focus on the survival of L. pneumophila and amoebae in biofilms [14], [16]. Other 
research projects look at the exposure mechanisms once a system is contaminated [17], [18] or 
focus on the influence of tubing material [19]. The literature about decontamination strategies is 
similarly scattered as that on the proliferation of L. pneumophila, usually focusing on a single 
decontamination technique and tested in limited laboratory configurations or in case studies 
[20]. The limitations of these studies are summarized in Decontamination of Biological Agents 
from Drinking Water Infrastructure [21]. Other papers focus on the effect of these techniques on 
biofilms [22]. 
The combination of "Legionella pneumophila" AND "Energy" in all fields, meaning both words 
appear at least once in a paper, gave 1 312 results (Figure 1.4A). When looking for "Legionella" 











































































































































8   CHAPTER 1 
  
Figure 1.4 A. Literature search of "Legionella pneumophila" AND "Energy" in all fields gave 1 312 results. B. 
Literature search of “Legionella” AND “energy” in abstract, title or keyword gave 41 results. 
However, if we look for "Legionella pneumophila" AND "Energy" in the abstract, title and 
keywords sections only 12 papers exist, the results date mainly from after 2011 (Figure 1.5A). This 
indicates the lack of energy related Legionella research. Looking for combined keywords 
"Legionella pneumophila" AND "domestic hot water" or "Legionella pneumophila" AND "DHW" in 
all fields resulted in only 45 hits (Figure 1.5B). 
  
Figure 1.5 A. Literature search of “Legionella pneumophila” AND “energy” in abstract, title or keyword gave 
12 results. B. Literature search of “Legionella pneumophila” AND “domestic hot water” in all fields gave 45 
results. 
Because this PhD is focusing on L. pneumophila in DHW, a more detailed look into these results 
is given [23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], 
[40], [41], [42], [43], [44], [45], [46], [47], [48], [49], [50], [51], [52], [53], [54], [55], [56], [57], [58], 
[59], [60], [61], [62], [63], [64]. The results are divided into different categories of interest: 
geographical context of the paper (country where the research was executed, in most cases equal 
to the country where the case study was conducted) (Figure 1.6A), the type of research (Figure 
1.6B), research methodology (Figure 1.6C), papers focusing on health or energy (Figure 1.6D), 
contaminated buildings (cases, outbreaks,…) (Figure 1.6E) and separation into water or biofilm 






























































































































































































































Figure 1.6 Research on “Legionella pneumophila” AND “domestic hot water” divided in A. Geographic context. 
B. Kind of research. C. Methodology of research categories. D. Focus of research (e.g., energy, health). 
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Figure 1.6B indicates the existence of 11 papers written from engineering point of view. The 
content of these papers differs from the goal of this PhD. The paper of Harper [23] deals with the 
engineering implications of Legionnaires’ Disease outbreaks. The aim of the paper is to set out 
steps that might be taken when a hospital outbreak occurs and a water system is identified as 
the source. Results are based on case study experience. Cabanes et al. [29] presented preliminary 
data about a method of risk assessment of a water distribution system in France. Prado et al. 
[33] assessed the best option for heating water, looking at electric boilers and electric 
showerheads focusing on the energy point of view. Tebbutt [35] investigates water-related 
disease in the developing world that may arise from the presence of trace concentrations of 
impurities in drinking water. Particular attention is paid to potentially carcinogenic compounds. 
The only simulation study, of Lacroix [36], examines the performance of three electric water 
heater designs for load shifting and control of bacterial contamination by TRNSYS simulations of 
the water heaters. The criterion for bacterial control is the water temperature in the service tank 
that should remain high, thus preventing bacteria growth. Ha et al. (2006) wrote a combined 
biological/engineering paper dealing with an outbreak in Pas-de-Calais (France) [43]. Spinks et 
al. [45] have an environmental engineering background. The health risks of the use of harvested 
rainwater in DHW systems are investigated. The results show that effective elimination of 
enteric/pathogenic bacteria occurs within a temperature range of 55 to 65°C. This supports the 
guidelines stating that hot water systems should operate at a minimum of 60°C. Beggs [47] deals 
with energy efficient air conditioning and mechanical ventilation systems. In Frayne [50] the 
control of corrosion by environmental modification discusses the need for, and use of, active 
monitoring, control, and management of waterside environments in cooling, heating, and potable 
water systems. Blanky et al. [58] wrote a combined biological/engineering paper dealing with 
monitoring Legionella presence from potable water to treated greywater. Based on this paper, 
the ISO 11731:1998 method to isolate Legionella from greywater has been modified. 
Figure 1.6C indicates the existence of six review papers. The content of these papers differs from 
the goal of the literature review in this PhD. The review of Morton [26] defines the various types 
of biodeterioration processes and discusses the role that microbial films play in the 
biodeterioration of a number of materials of economic importance. A review of the way in which 
biofilms may form and attach to surfaces is presented and the occurrence and nature of biofilms 
is considered. Included in this review is an account of biodeterioration problems associated with 
water distribution systems, biocorrosion, plastics, hydrocarbons, paints and coatings and 
buildings and monuments. The micro-organisms responsible for the biodeterioration problems 
are described. The review of Cabanes [29] emphasizes the lack of data, especially in France, with 
regard to risk evaluation related to the development of Legionella in individuals’ hot water 
supply. In Loret [52] a review is presented of the presence of free-living amoebae and amoebae-
resisting bacteria in DHW systems, on the parameters that contribute to their presence in water 
and/or biofilm, on the possible control measures and their effectiveness. Especially some gaps in 
current knowledge are identified that need further research. Kumar [51] investigates dental unit 
waterlines as a source of contamination. Hood [56] presented a short review on the organism, 
human infection and treatment process. Vance [60] investigates the story of Legionella, with 
special emphasis on its ecological niche, the diagnosis of human infection, and its isolation from 
the environment. 
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The literature review in this PhD is an added value to the existing reviews because it is focusing 
on connections between DHW engineering and the biological behavior of the Legionella bacteria. 
Before, to the authors’ knowledge, no similar literature review exists because over the last two 
decades little research has been published on L. pneumophila on DHW system level from a 
combined engineering-biological point of view. 
1.4.3 Biologic parameters affecting Legionella pneumophila system 
contamination process 
1.4.3.1 Legionella pneumophila in water 
Multiplication of L. pneumophila is dependent on water temperature, volume flow rate, flow 
frequency, followed by nutrient availability. At temperatures below 20°C, the bacteria become 
dormant but remain viable for months. The bacteria grow best at temperatures between 20°C 
and 45°C with an optimum around 35°C-41°C. Beyond 45°C, pasteurization starts and higher 
temperatures will eventually kill the organism (Figure 1.7A). Figure 1.7B shows that the time to 
double the number of L. pneumophila cells in water is less than half a day at 41°C and on Figure 
1.7C it can be noted that at 70°C 90% of L. pneumophila in water gets killed in less than a minute. 
 
Figure 1.7 A. L. pneumophila growth curve as a function of temperature (adapted from [1]). B. An estimation 
of mean generation time (time to double the number of cells) of L. pneumophila in tap water (data from 
[65], adapted from [1]). C. The change in decimal reduction time (90% reduction in L. pneumophila) with 
temperature (data from [66], [11], adapted from [1]). 
The death rate at any temperature is proportional to the number of living cells present [67], [68], 
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Growth/death rate:  
𝑑𝐶(𝑡)
𝑑𝑡
= 𝐴(𝑇) · 𝐶(𝑡) − 𝐵(𝑇) · 𝐶(𝑡)  
Number of cells:  𝐶(𝑡) = 𝐶0 · 𝑒
(𝐴(𝑇)−𝐵(𝑇))·𝑡 (1.1) 
Where dC(t)/dt [cfu/m³·s] is the change in concentration of L. pneumophila over time, C(t) [cfu/m³] 
is the amount of L. pneumophila present at time t [s], C0 [cfu/m³] is the amount of L. pneumophila 
at time t = 0 and A(T), B(T) [-] is a growth/death function depending on water temperature, the 
species of the organism and the chemical nature of water. 
Units are not included in Figure 1.7A , as this is merely a scheme showing when the bacteria are 
dormant, multiplying or dying (showing the boundary temperatures). Including numbers on this 
scheme would be unclear as growth is expressed as mean generation time and death as decimal 
reduction time. Therefore units can be derived from Figure 1.7B and Figure 1.7C. 
At certain critical temperatures, there is an unlimited increase of L. pneumophila concentration 
in Equation 1.1 where in reality after a while a stabilization in concentration will be noticed. This 
occurs because the system can only hold as many L. pneumophila as nutrients and oxygen can 
support. To take nutrients into account, parameter K, the carrying capacity, is added to the mass 
conservation equation [70]. It can be modelled with the Verhulst-Pearl logistic equation, that is 
sigmoidal (S-shaped) and reaches an upper limit at K. K is the maximum concentration of 
L. pneumophila that oxygen and nutrients can support. L. pneumophila concentrations above K 








The precision, accuracy and effectiveness of ways of estimating the risk factors causing higher 
Legionella numbers have only rarely been empirically assessed in practice, although there is a 
broad consensus about the impact of these risk factors [71]. Stagnation within water systems has 
been cited by numerous authors as a condition favouring Legionella replication [23], [72], [73]. 
However, the effect of low flow conditions on the presence of L. pneumophila in a water system 
has not been scientifically evaluated [74]. Völker et al. [71] found by logistic regression modelling 
that occurrences of L. pneumophila (>100cfu/100ml) at single outlets were significantly 
correlated with three parameters, first temperature after flushing until no significant changes in 
temperatures can be obtained (temperature in the circulation loop/boiler), secondly stagnation 
(low withdrawal, qualitatively assessed) and thirdly pipe length. Völker et al. [71] predicted the 
impact of each variable on the Legionella infection risk. The predictive capacity of the model is 
good (precision = 66.7%, accuracy = 72.1%, F0.5 score = 0.59). An estimate for Legionella infection 
can be ascribed to an outlet with different risk factors and temperatures at constancy. The 
formula of the model for a predicted risk estimation of infection with Legionella is as follows 
(Equation 1.3). 
  𝑝𝑘(𝑦 = 1) =
𝑒4.001−0.107·𝑇+1.099·𝑊+0.948·𝐷
1+𝑒4.004−10.7·𝑇+1.099·𝑊+0.948·𝐷
  (1.3) 
With pk the risk estimate, y the infection, T the temperature at constancy, W the stagnation 
(qualitative low withdrawal) and D the pipe length. 
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The presence of metals such as iron (Fe), derived from pipelines and fittings, are important 
parameters for L. pneumophila growth and virulence [75], [76], [77]. Iron favours L. pneumophila 
growth. L. pneumophila species cannot grow in culture media without iron. The logistic analysis 
by Serrano-Suárez et al. [78] showed that the presence of iron above 0.095mg/l is associated 
with L. pneumophila. Water can be enriched with iron as a result of corrosion of ferrous 
installation components like for example galvanized steel pipes. Authors, such as Rogers et al. 
[79] and Borella et al. [80], stated that copper (Cu) inhibits L. pneumophila growth. The risk of 
L. pneumophila colonization in circuits significantly decreased with respect to copper 
concentration (detection limit of 0.01mg/l) [78]. Elevated zinc, magnesium, and manganese levels 
are correlated with increased L. pneumophila infection and zinc increases the ability of 
L. pneumophila to bind to host cells such as human lung epithelial cells, suggesting that cations 
may increase the attachment of L. pneumophila to biotic surfaces in addition to abiotic substrata 
[77], [81], [82]. 
1.4.3.2 Legionella pneumophila in biofilm 
An uncritical natural concentration of L. pneumophila enters the building. If the conditions in 
these man-made environments are optimal for bacterial growth, it can reach dangerous 
concentrations. In case L. pneumophila were to appear only in water, it would be flushed out of 
the system during water use and would not have time to grow. However DHW system components 
do not only contain water. There is also a slimy layer of microorganisms present inside water 
pipes, which is called the biofilm. This layer can be as thin as a single cell attached to the surface 
(<5μm) and as thick as 1 000μm (1mm) [83]. Wherever there is water, biofilm growth can occur, 
for example in storage tanks, expansion vessels and cooling towers. Biofilms can grow very easily 
in DHW pipes of for example showers since they provide a moist and warm environment for the 
biofilm to thrive. 
L. pneumophila bacteria appear in water and in biofilm, but 95% of L. pneumophila is surface-
associated (in biofilm) [84]. This review chapter provides an update on the state of the art in 
understanding the mechanisms and factors affecting the biofilm life cycle of L. pneumophila. 
Only three important reviews have been published on this topic [85], [86], [87], but the research 
on parameters affecting the growth of L. pneumophila in biofilms is increasing rapidly. However, 
a lot of research questions still remain unanswered. 
What is a biofilm? 
The biofilm structure is composed of a consortium of microbial cells that are attached to the 
surface (substratum) and associated together in an extracellular anionic polymer matrix (EPS) 
[88]. The matrix is extremely hydrated (97% water) and consists mainly of exopolysaccharides, 
biological macromolecules (proteins, lipids, DNA and RNA), nutrients, metabolites, and inorganic 
compounds and particles, as well as cellular lysis products [89]. Microcolonies of bacterial cells 
encased in the EPS matrix are separated from each other by interstitial water channels, allowing 
transport of nutrients, oxygen, genes and even antimicrobial agents [90]. Because of their 
dynamic character, biofilm communities can continuously change over time and space, providing 
better survival and growth of the associated microorganisms [87]. The L. pneumophila bacteria 
attach to the biofilm because it consists of microorganisms that allow cells to adhere to the pipe 
surface. Generally, there are three distinct phases in the biofilm life cycle of L. pneumophila 
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bacteria [88]: bacterial attachment to a substratum, biofilm maturation and bacterial 
detachment from the biofilm with subsequent dispersal in the bulk environment. 
Biofilm thickness, structure, attachment and detachment 
A clear, significant temperature influence on biofilm thickness and structure was detected by 
Mampel et al. [91]. Biofilms grown at 25°C consisted of rod-shaped L. pneumophila cells and 
possessed mushroom-like structures with water channels within. However, biofilms formed at 
37°C and 42°C showed an even, thicker and more extensive mat of considerably larger cell 
density without the commonly observed water channels. Also, at higher temperatures the 
morphology of biofilm-associated L. pneumophila appeared to be filamentous and filaments 
were multinucleate but non-septate. In vitro, biofilms produced at 37°C are much more robust 
than at 25°C [91], and interestingly biofilms produced at 25°C are more adherent [92]. 
Besides temperature, another attachment parameter is flow velocity. An increase in flow velocity 
may equate to increased attachment and it is known from the medical world that bacteria form 
biofilms preferentially in very high shear environments (Reynolds number (Re) = 10 000), like 
catheters [87]. Liu et al. [74] built a test setup consisting of three parallel pipes with either a 
turbulent (Re = 10 000), laminar (Re = 1 000) or stagnant (Re = 0) flow regime. They noticed a 
significantly higher biofilm colonization rate of Legionella species under turbulent flow 
conditions compared with laminar conditions. It was also visually apparent that turbulent flow 
resulted in the greatest accumulation of biofilm in the sampling pipe [74]. This might be 
explained by the fact that turbulent flow would result in a higher overall mass transfer rate 
compared with laminar flow. Mass transfer can be described as the efficiency of suspended solids 
(nutrient) delivery from the bulk phase (flowing water) to the attached phase (biofilm). A higher 
mass transfer rate would result in larger particle deposition onto the pipe surface [74]. 
Storey et al. [93] also confirmed that under turbulent (Re similar to 5 000) conditions, larger 
clusters of biofilm become detached from substrata, with more than 90% of sessile 
L. pneumophila mobilised into the bulk water phase. Another way of detachment occurs when 
stagnating areas are present in the DHW system. Then biofilm formation is supported and 
reduced oxygen and nutrient supply of the biofilm can result in a stress state for biofilm bacteria 
and a detachment of bacteria into the water [94]. For this reason numerous regulations call for 
the removal of stagnating areas and other structural factors causing stagnation within the DHW 
system to control the proliferation of Legionella (Chapter 2) [95]. 
Biofilm as nutritional source and intracellular amoebae state  
The biofilm is a nutritional source for Legionella bacteria, from where they can detach and 
contaminate running water. The fact that L. pneumophila is commonly detected in water with 
low nutrient content implies that the bacterium is able to obtain its necessary supply of amino 
acids and organic carbon from the microbial consortium located in biofilms [87]. In multispecies 
biofilms, where bacterial competition for food is high, it is advantageous to have more than one 
way to obtain the required growth nutrients. In the case of L. pneumophila there exist two distinct 
ways. 
First, nutrients can be delivered by the biofilm environment itself. Numerous publications show 
that L. pneumophila is capable of obtaining nutrients either directly from other living 
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microorganisms, like algae and some heterotrophic bacteria, producing them in excess, and/or 
indirectly from decaying organic matter. 
Secondly, L. pneumophila is able to infect and replicate inside protozoans. This means that these 
bacteria can survive as an intracellular parasite of free-living amoebae [89], [96], [97], [98], 
[99], [100]. Free-living amoebae are eukaryotic microorganisms that are commonly found in 
drinking water systems, surviving from phagocyte bacteria as nutrients. Rowbotham described 
for the first time in 1980 that L. pneumophila not only survives digestion by amoeba but also 
uses the amoeba host’s nutritional sources to replicate intracellularly [98]. During its stay in the 
intracellular environment, peptides and proteins of the infected host are degraded and used as 
a nutrient source [87]. Additionally, it has been suggested that biofilm-associated L. pneumophila 
may spend only a minor portion of its lifespan inside amoebae, using them solely as a host for 
replication [104]. L. pneumophila has been described to multiply in 14 species of free-living 
amoebae, two species of ciliated protozoans (Cyclidium species and Tetrahymena pyriformis) and 
one species of slime mold (Dictyostelium discoideum) [101], all commonly found in DHW biofilm 
except for Dictyostelium discoideum, which is a soil-living amoeba. 
Biofilm as a protective environment 
The biofilm forms a protective layer for the L. pneumophila bacteria allowing them to grow and 
multiply within the biofilm. It has been demonstrated that L. pneumophila colonizes biofilms in 
less than two hours [89], [102], [103], [104], [105]. L. pneumophila bacteria present in biofilm are 
protected against environmental factors and water decontamination treatments [106]. Several 
authors have reported that L. pneumophila bacteria that live in a biofilm are, like other bacteria 
in a biofilm, more resistant to environmental stress [19], [80], [107], [108], [109], [110], this means 
for example a better resistance to higher temperatures. 
Biofilms are a source for protozoans, which abundantly graze on biofilm bacteria [111]. The 
presence of protozoa, in samples from hot water recirculation systems with storage tanks in 
hotels and nursing homes, was higher when L. pneumophila species were present, 53% versus 
23% [78]. This intracellular amoebae state also protects L. pneumophila against environmental 
factors and water treatments [106]. Therefore, the association established between 
L. pneumophila and amoebae in biofilms in DHW systems indicates an increased health risk [98]. 
Due to the intracellular lifestyle of L. pneumophila within protozoa, however, it is difficult to 
tease out whether the resistance of L. pneumophila in environmental biofilms is due to the 
biofilm structure, its association with amoebae or both. It is however evident that environmental 
L. pneumophila found in biofilms are extremely resilient to treatment with biocides [112]. Storey 
et al. [93] also confirmed that interaction with both biofilms and a thermophilic Acanthamoeba 
isolate reduced the susceptibility of Legionella to thermal treatments by between one and two 
orders of magnitude, though in contrary they also stated that it increased their sensitivity to 
chemical (free and combined chlorine) decontamination. 
Protozoan parasites and bacterial species like Aeromonas, Mycobacterium, Pseudomonas, 
Flavobacterium and Legionella species are commonly found in biofilm [113]. Scientists already 
pointed out the exceptional parasitic relationship between Legionella and some of its protozoan 
hosts like Hartmanella vermiformis and Acanthamoeba castellanii [114], [115]. The regression 
analysis showed that presence of microbiota and protozoa increased the risk of L. pneumophila 
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colonization. In fact Legionella does not need protozoa to survive, it is also known to survive 
during extended periods (180 days) in aquatic batch systems without host organisms [114]. 
However the presence of microbiota is beneficial for the survival of L. pneumophila in water 
systems, the amount of L. pneumophila in biofilm is directly correlated with the biomass of 
protozoa [116], but their presence alone does not determine the occurrence of the pathogen [117], 
[78]. Serrano-Suárez et al. [78] showed that there were larger microbial levels in water where 
L. pneumophila was detected (determined by Heterotrophic Plate Count (HPC)). The results show 
that L. pneumophila was largely found when the HPC mean was between 5 and 6 logs cfu/100ml, 
which indicated that the presence of L. pneumophila bacteria was associated with the presence 
of biofilm, on which it can grow in hot water pipes. 
Amoebae will be used not only for intracellular replication but also as a means to transport 
intracellular bacteria to more favourable environments, Acanthamoeba spp. are known to 
produce small vesicles (5μm) containing numerous Legionella bacteria [115]. Protozoa are 
protecting the L. pneumophila species from harsh conditions and are structured in biofilms. 
Subsequently protozoa containing L. pneumophila bacteria may cause problems when 
concentrated numbers of biofilm-associated L. pneumophila bacteria become detached from the 
substratum (biofilm) and mobilized into the bulk water phase (running water) [104], [78]. 
Quantitative information about detachment rates is lacking, future research is needed. 
1.4.4 Thermohydraulic parameters affecting Legionella pneumophila system 
contamination process 
As previously indicated, a situation with risk of proliferation occurs when water remains at rest 
for a long time (stagnation) at temperatures between 20°C and 45°C. These conditions are 
normally to be found in hydraulic DHW systems for hygienic and washing purposes [118]. 
L. pneumophila contamination of a DHW system should be avoided in the first place by taking 
some plumbing practices into account. However, existing installations can have some 
L. pneumophila points of risk in their design. When incorrect installation situations are present, 
clean-up works and decontaminations, even if correctly performed, may not obtain the expected 
results or only have effects that are limited in time. Under these conditions action to modify the 
installation must be examined [118].  
1.4.4.1 Design of domestic hot water system layout 
A DHW system destined for human consumption is composed of four main components [118]: 
connections to the main supply network or well from which water is obtained, component(s) for 
heating the water, distribution piping network(s) and user terminals. The most important 
components for the purpose of this PhD are the water heaters and distribution piping networks. 
Water heaters can be classified and described based upon the energy source employed (electric 
with heating/resistance elements, electric with heat pump, direct flame, hot water heat 
exchanger or superheated water/steam heat exchanger). Hot water production systems for 
sanitary purposes can be classified as instantaneous systems, semi-instantaneous systems and 
storage (tank) systems. Systems for the production of hot water for sanitary purposes can be 
centralised (at building level) or localised (serving one or more terminals). Centralised 
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installations can produce DHW with a heat exchanger sized for the maximum contemporaneous 
heat capacity envisaged for the (instantaneous) user output demand or by means of an 
accumulating water heater fitted with internal coil/heat exchanger or with an external heat 
exchanger in which the heating fluid circulates [118]. 
The most important collective distribution piping networks are recirculation, radial and tree 
distribution systems (Figure 1.8). Frequently, for comfort reasons, in more extensive installations, 
a recirculation circuit is chosen that returns the water directly to the sanitary hot water 
production unit. This means the benefit of recirculation systems is that they provide hot water 
really fast in comparison to radial or tree distribution systems. But recirculation systems are the 
most critical ones in case of L. pneumophila contaminations because of the size of the installation 
and the potential number of infected taps. The volume of water they hold is larger, as is the 
volume of biofilm. If recirculation systems are incorrectly designed or incorrectly balanced, 
situations can occur in those stretches of piping in which circulation is scarce, infrequent or 
absent (dead pipe legs). Then both temperature conditions (lukewarm water) and stagnation 
occur together, which is optimal for proliferation [118]. Water in distal pipes remains close to 
critical temperatures all the time. But, if the distal pipes branched from a recirculating system 
are short, the volume of water standing still will be smaller than in a radial or tree distribution 
system. Recirculating systems are chosen to investigate further because they hold a great 
potential to save energy as they have large distribution losses.  
 
Figure 1.8 DHW distribution systems A. Recirculation. B. Radial. C. Tree [9]. 
1.4.4.2 Legionella pneumophila points of risk in domestic hot water systems 
In the first place L. pneumophila should be avoided by taking some plumbing practices into 
account, such as maintaining high temperatures throughout the system and avoiding stagnant 
sections of piping that would stimulate the growth of biofilm, like for example dead pipe ends 
and pipes towards little used taps. Stagnation can be prevented by reducing the volume of stored 
water and by introducing routine flushing programmes. 
To predict L. pneumophila contamination on DHW system scale level, three locations are 
necessary to assess because they hold the highest L. pneumophila contamination risk. These 
three points of risk, selected from a list of 20 most common Legionella points of risk in a DHW 
system, are presented in Table 1.1, Table 1.2 and Table 1.3[119]. These points of risk are the 
locations on which guidelines focus. 
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Table 1.1 Legionella point of risk in a DHW installation: hot water production and distribution at less than 
60°C [119]. 
Point of risk Description 
Hot water production and 
distribution at < 60°C 
A typical way to produce hot water is to make use of a storage tank (“boiler”) 
that is heated by a heat exchanger connected to the heater. The heat 
exchanger can be located outside the vessel. 
In hospitals and hotels it often happens that water for kitchens is produced 
at 60°C while water for rooms only at 40 to 45°C. When the production 
temperature is 45°C, water temperature in the distribution system will be 
even lower.  
Risk assessment Solution 
Hot water production at 40 to 45°C 
creates quasi ideal conditions for 
Legionella growth in the storage 
tank. This situation is very risky, the 
probability that Legionella is 
present in the installation is very 
high. 
The DHW production temperature should be at least 60°C and the distribution 
temperature at least 55°C. If this requirement cannot be fulfilled in an 
existing installation, then additional measurements should be taken, such as: 
 monitoring of water quality through water analysis, 
 heating the boiler regularly (daily in high-risk and weekly in 
moderate risk installations) to minimum 60°C, 
 systematically providing chemical decontamination or 
 applying a continuous anti-Legionella treatment that has been 
recognized by the government. 
 
Table 1.2 Legionella point of risk in a DHW installation: cold and hot water pipes together in utility shaft 
[119]. 
Point of risk Description 
(Uninsulated) cold and hot water pipes in utility shaft Utility shafts in buildings contain all kinds of pipes: 
 (uninsulated) cold water pipes, 
 pipes of the DHW circuit, 
 heating pipes, 
 water drainage pipes. 
Risk assessment Solution 
There is a continuous flow of hot water through the hot water 
pipes as well as through the heating pipes. Even though these 
pipes are insulated, they still cause heat gains to the 
surrounding environment (if the insulation thickness equals 
the diameter of the tube the heat delivery is still around 
7W/m). These heat gains will allow the temperature in the 
utility shaft to rise well above 25°C, which can cause 
Legionella growth in the cold water pipes in between water 
uses. The contaminated cold water can also cause 
contamination in the hot water circuit through a mixer. 
Measures need to be taken in existing installations 
to prevent water stagnation in an environment 
with temperature above 25°C for longer than two 
days, for example by performing manual or 
automatic flushing. 
When building a new technical installation, it 
should be avoided to install cold water pipes in 




Table 1.3 Legionella point of risk in a DHW installation: dead pipe ends [119]. 
Point of risk Description 
Dead pipe ends 
 
An example of dead pipe ends is little used 
showers. In schools, swimming pools, sports 
complexes, spas,… there are often a large number 
of showers. 
Risk assessment Solution 
In such cases, there is almost no certainty about the frequency 
of use of these showers. Often cabins located furthest away 
from the entrance will be used the least. As a result, it is 
possible that stagnation occurs in the pipes upstream of the 
little used showers. The risk of Legionella development is high 
because the bathroom remains at a fairly high temperature 
due to its use. 
The risk can be minimized by a control measure 
such as regular flushing of all showers. It can be 
done manually or automatically. 
Instead of flushing all showers, it is possible to 
install an automatic rinsing device on the 
downstream end of the water supply pipes that can 
be programmed. 
 
The methods for preventing L. pneumophila contamination must be applied in the design, 
construction, running and maintenance phases of DHW systems in which exposure conditions can 
be created. New installations must have design prerequisites such as functionality, operating 
economy and energy saving, but also preventive control of L. pneumophila [118]. 
1.4.5 Legionella pneumophila water treatment techniques 
In case of occurrence of the illness and/or high contamination levels in existing installations, 
programmes of adequate decontamination need to be executed. In this section, a review of water 
decontamination techniques is provided, since the effectiveness of all treatments on 
L. pneumophila in water and in biofilm must be made explicit in order to allow a reliable 
performance assessment. All different water treatment techniques are listed to give an up to 
date overview, however in this PhD only thermal treatments are further investigated, as this is 
the preferred water treatment technique in guidelines and regulations. 
1.4.5.1 Often used water treatment techniques 
Killing L. pneumophila can be done by hot temperature, ultraviolet radiation, chemical treatment 
(like hyper chlorination or addition of chlorine dioxide) and copper-silver ionization. As 
mentioned before, several authors have reported that bacteria present in a biofilm become more 
resistant to environmental stress [19], [80], [107], [108], [109], [110], which means the biofilm 
protects L. pneumophila against water treatments [106], for example higher temperatures and 
higher doses of biocides are necessary to kill L. pneumophila present in a biofilm. 
In Europe, thermal treatment is recommended, alternative treatments are only proposed in case 
thermal treatment is not sufficient. Alternative treatments are recommended in following order: 
first physical decontamination (pasteurization, UV, micro- and ultra-filtration) followed by 
electrochemical decontamination (copper-silver ionization, anodic oxidation) and as a last option 
chemical decontamination (e.g., free chlorine). 
Thermal treatment 
Thermal treatment and chlorine are the most commonly used procedures worldwide to control 
and prevent L. pneumophila proliferation in drinking water systems of large buildings. In case of 
thermal treatment, as suggested by the World Health Organization (WHO), the water temperature 
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should be kept at a minimum of 60°C when leaving the heating unit and at least 50°C when it 
reaches the tap [106]. 
Farhat et al. stated in 2010 [105] that thermal decontamination does not seem to be efficient 
enough to eliminate L. pneumophila when it is used as a curative treatment (combination of 
lower production temperature with heat shocks once every while). They did measurements on a 
test loop starting from a stable cultivable L. pneumophila species concentration of 5·105cfu/l. Two 
heat shock treatments of 70°C for the duration of 30 minutes were applied. The results showed 
that the first heat shock treatment had a transitional effect on the abatement of L. pneumophila 
concentrations, while the second treatment had no detectable effect on L. pneumophila 
populations in water and biofilm. Further analyses showed that the concentration of 
L. pneumophila (PCR) in the dead pipe end water of the test loop was 2-log units higher than in 
the test loop water. Further analyses revealed that this was responsible for the rapid 
recolonization of the water in the circuit as well as in the incompletely destroyed biofilm [105]. 
A resistance test was conducted and showed that L. pneumophila in the second heat shock 
treatment was not thermo-resistant but thermo-acclimated. However, it is not clear whether 
they measured only L. pneumophila bacteria that were alive, it is possible they have measured 
living and dead L. pneumophila together, future confirming research is needed.  
Ultraviolet radiation 
Ultraviolet radiation effectively limits L. pneumophila growth, although a long dwelling time may 
be required. Irradiation of cells with UV light (220 to 320nm) can result in the formation of 
intrastrand cyclobutyl-pyrimidine dimers in the DNA, leading to mutagenic changes or cell death 
[120]. Disadvantages are that the maintenance of the system is high and a filter is required 
upstream of the UV unit to retain suspended solids. If suspended solids are not filtered out before 
L. pneumophila bacteria pass the UV unit, not all L. pneumophila bacteria will be radiated by UV 
because particles block radiation of the bacteria [121]. 
Electrochemical treatment - copper-silver ionization 
Copper-silver ionization is one of the most effective means of killing L. pneumophila. The system 
injects small quantities of copper and silver into the water. Electrically, positively charged copper 
ions (Cu2+) are attracted (formation of electrostatic compounds) to particles of opposite polarity, 
such as the negatively charged bacteria cell walls. These compounds disturb cell wall 
permeability and make it impossible to take up nutrients. When Copper ions (Cu2+) penetrate the 
cell wall, they create an entrance for silver ions (Ag+) to penetrate the core of the microorganism. 
Silver ions are causing all life support systems in the cell to be immobilized. As a result, there is 
no more cellular growth or cell division, causing bacteria to stop multiplying and eventually they 
die [122], [123]. A disadvantage of copper and silver injections is that the effect on human health 
on the long term is unknown. 
Chemical treatment - free chlorine 
Free chlorine is mostly used at a low concentration (0.2-0.5mg/l) as a secondary decontaminant 
for the maintenance of water quality in distribution systems or at higher concentrations as an 
installation disinfection treatment called hyper chlorination [106]. Chlorination has a lot of 
disadvantages. 4 to 6mg/l of chlorine only provides 90% kill of L. pneumophila. One does however 
have to bear in mind the national/local regulations concerning the admissible quantity of free 
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chlorine present in drinking water (at the user outlet) that can vary from 0.1 to 1mg/l [118], [106], 
in Belgium for example the maximum concentration is 0.25mg/l [124]. Disadvantages of any form 
of chemical decontamination are that it can damage plumbing components (like plastic pipe 
materials) and that the effect on human health on the long term is unknown. 
1.4.5.2 Effect of water treatment techniques on Legionella pneumophila in biofilm 
Cervero-Aragó et al. [106] tested the effect of temperature and free chlorine on a L. pneumophila 
strain and two amoebae strains under controlled laboratory conditions, representing similar 
exposure conditions as in real DHW systems. The treatment effectiveness has been studied based 
on the relation between L. pneumophila and amoebae Acanthamoeba Castellani and 
Acanthamoeba species. Inactivation models of the amoebae-associated L. pneumophila were 
constructed and compared to the models obtained for the free-living L. pneumophila bacteria. A 
thermal treatment at four experimental temperatures was tested: 50°C, 55°C, 60°C and 70°C, for 
various exposure times and applied to L. pneumophila under controlled laboratory conditions. R² 
values show the robustness of the models (Table 1 4). 
Table 1 4 Calculated time for a 4-log reduction of L. pneumophila serogroup 1 environmentally associated 
with Acanthamoeba Castellani CCAP 1534/2 and Acanthamoeba species 155 after the exposure to different 
temperatures [106]. 
Calculated time to reduce 4 logs [minutes] 
Effect of temperature on free Legionella 
     L. pneumophila sg. 1 env (Axenic) 
 
Effect of temperature on amoebae-associated Legionella 
     L. pneumophila sg. 1 env - A. Castellani CCAP 1534/2 


























The time required for the cultivability of L. pneumophila to reach a 4-log reduction for the axenic 
L. pneumophila sg. 1 was 46 minutes at 50°C, 8 minutes at 55°C, 4 minutes at 60°C and 
0.61 minutes at 70°C (Table 1 4). This is comparable with the results of Figure 1.7B. When 
L. pneumophila was associated with either Acanthamoeba Castellani strains or Acanthamoeba 
species, these times ranged from 664-825 minutes at 50°C, 51-45 minutes at 55°C, 5 minutes at 
60°C and 0.50-0.45 minutes at 70°C, respectively. The effectiveness of the thermal treatment on 
the amoebae-associated L. pneumophila compared to L. pneumophila form was reduced. At 50°C, 
the L. pneumophila resistance was increased 14 to 18 times, and at 55°C it was increased 5 to 
6 times. Thus, it seems that Acanthamoeba and A. Castellani strains are protecting L. pneumophila 
at temperatures below 60°C, but at higher temperatures, its protection decreases [106]. Similarly, 
several free chlorine concentrations were tested in co-culture experiments: 0.5mg/l, 1.2mg/l and 
2.5mg/l (Table 1.5) [106]. 
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Table 1.5 Calculated time for a 4-log reduction of L. pneumophila serogroup 1 environmentally associated 
with Acanthamoeba Castellani CCAP 1534/2 and Acanthamoeba species 155 after the exposure to different 
concentrations of free chlorine [106]. Cells marked with - in the table means they have no values for these 
combinations for unknown reasons. 
Calculated time to reduce 4 logs [minutes] 
Effect of free chlorine on free Legionella 
     L. pneumophila sg. 1 env (Axenic) 
 
Effect of free chlorine on amoebae-associated Legionella 
     L. pneumophila sg. 1 env - A. Castellani CCAP 1534/2 




















The results in Table 1.5 show significant differences (p < 0.001) between the inactivation of the 
axenic L. pneumophila and L. pneumophila associated with protozoa. Axenic L. pneumophila 
reached a 4-log reduction after 5 minutes at 0.5mg/l, whereas L. pneumophila associated with 
Acanthamoeba Castellani required 490 minutes and L. pneumophila associated with 
Acanthamoeba species required 38 minutes to reach the same reduction. At the lowest free 
chlorine concentration, 0.5mg/l, the Legionella-amoebae associate state shows its influence, 
compared to the free Legionella state, in reducing the treatments’ effectiveness [106]. Other 
researchers also reported a higher resistance of L. pneumophila to chlorine when it lived 
intracellularly within Acanthamoeba strains [125, 126]. The Legionella-amoeba association 
reduced the effectiveness of the treatments applied, without changing the inactivation models. 
The failure of controlling L. pneumophila in DHW systems with decontaminants has been 
attributed to the presence of protozoan hosts that act as a shield against decontaminants [106]. 
1.4.6 Legionella pneumophila modelling specifications 
Existing L. pneumophila regulations and standards are based on field and laboratory 
observations and measurements. Elaborating a simulation model offers perspectives to update 
current guidelines. A simulation model allows to investigate the contamination risk for 
L. pneumophila in the design phase of a DHW system and to test the effectiveness of 
decontamination techniques on a contaminated system. To build a simulation model for this 
purpose the different possibilities to model L. pneumophila in water, L. pneumophila in biofilm 
and the exchange between biofilm and water are investigated. 
1.4.6.1 Modelling Legionella pneumophila in water 
In literature, there have been no previous attempts to model the dependencies between 
L. pneumophila growth and energy efficiency on the DHW system level because of the lack of a 
multidisciplinary approach, hence making a simulation model will be a first. 
A DHW system is composed of different components, for example storage tanks, heat exchangers, 
expansion vessels and piping. The proliferation of L. pneumophila in water can be modelled as a 
pollutant with a variable source term in the different DHW components. Based on the literature 
review, the main parameters that have an impact on bacterial growth can be selected and added 
to the model. There are a number of parameters necessary for modelling bacteria growth. The 
parameters are divided into three categories, namely the three conservation equations, the mass 
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conservation (Equation 1.4), momentum conservation (Equation 1.5) and energy conservation 
















With density of a fluid 𝜌 [kg/m³], kinematic viscosity 𝑣 [m²/s], acceleration due to gravity 𝑔 
[m/s²], total pressure 𝑃 [Pa], viscosity 𝜇 [Pa·s], volumetric energy generation rate ?̇? [W/m³], 
thermal conductivity 𝑘 [W/m·K] and absolute temperature 𝑇 [K]. 
Conservation of mass is modelled with a differential continuity equation and momentum 
conservation (Newton’s second law of motion) with Navier-Stokes equation for incompressible 
flow [127]. Momentum transfer in a fluid involves the study of the motion of fluids and the forces 
that produce these motions. From Newton’s second law of motion it is known that force is directly 
related to the time rate of change of momentum of a system. 
1.4.6.2 Modelling Legionella pneumophila in biofilm 
As explained in Section 1.4.3, a biofilm is formed at the inside of DHW system components and 
the volume of the biofilm will be the largest where water stagnation occurs. Modelling of the 
biofilm is important because 95% of L. pneumophila is surface-associated [84]. Furthermore, 
Legionella bacteria present in biofilm are protected against environmental factors and water 
treatments [106]. A better resistance of L. pneumophila to higher temperatures and to other 
treatment techniques when present in biofilm has been reported. 
Various types of active or inactive particulate biological or inorganic components within the 
biofilm could be included in the simulations like [128]: 
 Bacteria (AOB, NOB, AnAOB, heterotrophic bacteria) [129], [130], [131], [132], [133], [134], 
[135] 
 Extracellular polymeric substances (EPS) produced by bacteria [136], [137] 
 Phototrophic microorganisms [138], [139], [140] 
 Fungi [141], [142] 
 Inorganic materials [143] 
Growth of the organisms is dependent upon the transport of an electron donor, an electron 
acceptor and nutrients through the liquid layer and into the biofilm. Generally, nutrients are 
provided in excess so that electron donor and acceptor are the only constituents considered [144]. 
Substrate is the surface or material on or from which an organism lives, grows, or obtains its 
nutrients. In response to substrate utilization, bacteria grow and the biofilm increases in 
thickness. Numerical simulations showed that loading, contact time, biofilm thickness, diffusion 
layer thickness and oxygen concentration are the factors that interact to effect the removal of 
organics [144]. Bacteria also require energy from substrate utilization for maintenance. As the 
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biofilm thickness increases, so do the overall maintenance requirements. At some thickness, the 
energy requirements for biofilm maintenance equal the energy available from substrate 
utilization. The net growth rate of the biofilm then equals zero. The biofilm is then in steady state, 
since its thickness is constant with time [144].  
Choosing a biofilm model 
There are different categories of biofilm system models: analytical, pseudo-analytical, 1D 
numerical and 2D/3D numerical models [145]. In biofilm research, classification based on 
mathematical equations is common because a lot of biological processes are unknown and would 
lead to a lot of uncertainties of the model. 
ANALYTICAL BIOFILM MODELS 
Analytical models are built by mathematical derivation, without any numerical techniques. These 
models are most useful for modelling biofilms that have only one dominant process. They are 
not well suited for predicting the exact distribution of different types of bacteria in the biofilm. 
In case of this PhD we are not interested in how L. pneumophila bacteria are distributed in the 
biofilm, even if we would know it from literature [146], [147], [148], [149], [150], [151], [152]. 
PSEUDO-ANALYTICAL BIOFILM MODELS 
Pseudo-analytical models are a good alternative for the analytical models, when one or more of 
the simplifications used must be eliminated to achieve a realistic biofilm representation. In these 
models important interactions take place on the different types of biomass in a multi-species 
biofilm. In case of this PhD we do not need to take into account interactions because we suppose 
a one-species biofilm. These types of biofilm models could be a good option if we would want to 
model protozoa. 
1D NUMERICAL BIOFILM MODELS 
A third type of biofilm models is 1D numerical models. This means that model equations must be 
solved numerically. This type of model is used for multi-species and multi-substrate biofilms, in 
one dimension perpendicular to the substratum. A 1D model is flexible with regard to the number 
of dissolved and particulate components, the bacterial kinetics, and also the physical and 
geometrical properties of the biofilm. 1D numerical models contain spatial profiles of particulate 
components and dissolved components in the biofilm, as well as removal rates of the dissolved 
components. Biofilm thickness is implemented as a function of the production and decay of 
particulate matter in the biofilm and of attachment and detachment of cells and particles to/from 
the biofilm. One-dimensional models with shear and non-shear detachment are compared by 
Abbas et al. [153]. These models seem to fit this PhD’s research objective, however they are 
computationally heavy and we do not have enough information to build them, the uncertainties 
of the model being too large. 
2D/3D NUMERICAL BIOFILM MODELS 
The biggest challenge for 2D or 3D models was to describe the distribution of biomass along the 
axis perpendicular to the substratum. Only as long as one species or one group of microorganisms 
(i.e., biomass X) had to be modelled, the biomass could be handled easily and more or less evenly 
distributed based on the availability of substrate. Kissel et al. [154] made one of the first 
significant contributions to overcome this problem. The biofilm was divided into segments. Both 
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the biomass growth and the proportion of the involved species as well as their distribution in the 
biofilm were then calculated. 2D and 3D models form the majority of the publications in the last 
two decades [128], [148], [150], [154], [155], [156], [157], [158], [159]. The most extensive models 
are the 2D or 3D numerical models that contain heterogeneous characteristics of biofilms. A first 
feature of these models is that the geometrical structure of biofilms is predicted realistically in 
two or three dimensions [128]. These models can be used to answer more elaborate questions. 
For example: what is the shape of the biofilm structure? What is the influence of environmental 
conditions on the biofilm structure? What causes biomass detachment? How does microbial 
mobility influence biofilm formation? A second feature is the mass transfer and hydrodynamics 
in biofilms. Questions that can be asked are for example: is the advective mass transport 
important relative to diffusion in the biofilm? How does the biofilm’s spatial structure affect the 
transport rates to and from the biofilm? A third feature of these models is that the microbial 
distribution in biofilms is taken into account in two or three dimensions. Questions that can be 
asked are for example: what is the importance of substrate transfer in between species? What is 
the influence of substrate gradients on bacterial selection [128]? These models are too extensive 
for this PhD’s research objective. 
Modelling the essential features of a biofilm system 
The difference in various types of biofilm systems is summarized in Table 1.6. Features indicated 
by a ‘+’ can be simulated in the particular system type, features indicated by a ‘-’ cannot be 
simulated, features indicated by ‘±’ can be simulated but with restrictions. 
Table 1.6 Simulation accountability of features for each type of biofilm system [145]. 






Biofilm development over time (dynamic) - - + + 
Heterogeneous biofilm structure - - ± + 
Multiple substrates in biofilm ± ± + + 
Multiple microbial species in biofilm ± ± + + 
External mass transfer limitation predicted ± ± + + 
Hydrodynamics computed - - - + 
 
The parameter ‘Biofilm development over time’ means that the biofilm is growing dynamically. 
For the purpose of this PhD it is accurate enough and less uncertain to model a static biofilm. 
‘Heterogeneous biofilm structure’ means that the geometrical structure of the biofilm is 
included. For the aim of this PhD the geometrical structure of the biofilm should not be included, 
it is not necessary to predict the geometrical structure of the biofilm realistically in two or three 
dimensions. We do not need to model ‘multiple substrates’, because the pipe has only one 
substrate. ‘Multiple microbial species in biofilm’ can be interesting to model like L. pneumophila 
and protozoa. ‘External mass transfer limitation predicted’ means that the advective mass 
transport relative to diffusion in the biofilm is predicted. This is an important factor because it is 
the description of the efficiency of suspended solids (nutrient) delivery from the bulk phase 
(flowing water) to the attached phase (biofilm). The literature review taught us an excess of 
nutrients should be taken into account. ‘Hydrodynamics computed’ means that the effect of the 
biofilm’s spatial structure on the transport rates to and from the biofilm is taken into account. 
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This is not important for our purpose because we will not model the spatial structure of the 
biofilm. 
For the purpose of this PhD research we will make a few assumptions to model the biofilm based 
on the information (or lack of information) we have. First of all, the biofilm compartment will be 
assumed homogeneous, with fixed thickness and attached to an impermeable flat surface. It is 
assumed that only one substrate limits the growth kinetics, only one microbial species is active 
and the bulk liquid compartment is completely mixed. Finally, the external resistance to mass 
transfer of dissolved components can be represented with a boundary layer compartment with 
a fixed thickness (as in [145]). This means analytical biofilm models are suitable for the purpose 
of this research. The aim is to simulate a DHW system as a whole, the interest lies in the amount 
of bacteria leaving a tap during for example a showering event. Hence it is not necessary to build 
up the biofilm system as a whole. The only thing that needs to be accurately predicted is the 
amount of L. pneumophila bacteria in and detaching from the biofilm into the water. Predicting 
the exact distribution of different types of bacteria in the biofilm is thus irrelevant in this case. 
Moreover the distribution of L. pneumophila bacteria in a biofilm is not accurately known. 
1.4.6.3 Modelling the exchange of bacteria between biofilm and water 
Information is scarce about the amount of L. pneumophila bacteria entering the biofilm and 
detaching from the biofilm contaminating the bulk water. Flemming [84] stated that 95% of 
L. pneumophila is surface-associated. Williamson et al. [160] stated that in many natural aquatic 
systems, biofilms constitute 90 to 99.9% of the bacteria since, as charged micron-sized particles, 
they become adsorbed and attached at the solid-liquid interfaces and after multiplying over 
several generations a closely packed film of bacteria is formed [144]. The prediction of 
detachment is difficult. Detachment is caused by a combination of biological, chemical, and 
physical processes [161]. Detachment occurs when external forces are larger than the internal 
strength of the biofilm matrix [128]. The mass transfer at the bulk/biofilm interface is a result of 
flow conditions in the bulk phase and can be calculated, if an empirically derived relation 
between flow and mass transfer is available. The Sherwood number Sh is the dimensionless 
number for mass transfer. It is used to determine the ratio of the total mass transfer flux kL to 
the diffusion flux Di (Equation 1.7) [128]. The characteristic length d is the tube diameter. 




Most of the early individual-based models did not address hydrodynamics. The main problem was 
the time scale. There were several magnitudes of difference in the time scales between processes 
such as advective flow and the growth of new bacteria [128]: 
 Advection     10−2s - 10−1s 
 Biochemical substrate conversion  10−1s - 102s 
 Diffusion      103s 
 Biomass growth    105s 
 Detachment, erosion and sloughing  10s - 105s 
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Little is known about the biological mechanisms of the bacterial species involved. As a result 
detachment is often incorporated into biofilm models on the basis of simplified assumptions 
[136], [162]. Sometimes, often in early models, a constant biofilm thickness is assumed to focus 
on the microbial processes inside the biofilm [146], [147], [148], [149], [150], [151], [152]. A more 
physical approach is the use of shear stress τ [159], [163], [164]. The rate of increase of shear 
stress delivers an especially significant contribution to detachment [165], [166]. Other authors 
identified the influence of growth rate μ of the microorganisms as a significant factor in the 
detachment process [165], [167], [168], [169], [170]. Detachment processes can be a function of 
time [171], [172]. A dimensionless analysis of the detachment rate is provided by Nicolella et al. 
[173]. Storey et al. [93] stated that more than 90% of sessile L. pneumophila becomes mobilized 
into the bulk water phase. Most common in biofilm modelling, a detachment coefficient kd is used 
as the lumped parameter [128]. Detachment can be expressed by a parameter that can be 
calculated and checked based on validation measurements both in laboratory and in situ 
conditions. 
1.4.6.4 Modelling the effect of thermal treatment on Legionella pneumophila in biofilm 
As before, the detail level required for the aim of this PhD research can be limited, so we can use 
a lumped approach by pooling everything in and adapting one growth curve. Figure 1.9 shows the 
temperature dependent growth function of L. pneumophila bacteria in water and biofilm, the 
biofilm curve is determined based on the results of the literature review. The study of Cervero-
Aragó et al. [106] shows when L. pneumophila was associated with either Acanthamoeba strains 
or Acanthamoeba Castellani strains (in biofilm). The time required to reach a 4-log reduction for 
the axenic L. pneumophila sg. 1 was respectively 664-825 minutes at 50°C, 51-45 minutes at 55°C, 
5 minutes at 60°C and 0.50-0.45 minutes at 70°C. These data are interpreted in the brown curve. 
As there are no data available for the growth of L. pneumophila in biofilm dependent on 
temperatures between 20 and 35°C, the same growth curve as for L. pneumophila in water in 
equation 1.4 is assumed. However, we know from literature that multiplication of L. pneumophila 
between 20°C and 30°C is quicker if Legionella is present in the biofilm [93], still we cannot 
quantify it yet. Based on future research this part of the growth curve can be replaced later. 
 
Figure 1.9 Growth function of L. pneumophila in water (blue) [1] and in biofilm (brown)  (assumption derived 
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1.4.7 Conclusions literature review 
This literature review is an added value to the existing reviews because the current review is 
focusing on connections between DHW engineering and the biological behavior of the Legionella 
bacteria. From Section 1.4.3 we can conclude that the most important parameters in the system 
contamination process for the model are temperature, volume flow rate, flow frequency 
(stagnation), presence of biofilm and nutrients. In the first place L. pneumophila should be 
avoided by taking some plumbing practices into account, such as maintaining high temperatures 
throughout the system and avoiding stagnant sections of piping that would stimulate the growth 
of biofilm. Stagnation can be prevented by reducing the volumes of stored water and by 
introducing routine flushing programmes. 
There are also a multitude of factors that can influence how L. pneumophila colonizes biofilms, 
and likely many more that remain to be uncovered. Although there have been significant 
advances in understanding L. pneumophila biofilm formation and colonization, there is much that 
remains unknown. The presence of other microbial species and physiochemical parameters are 
all factors that could potentially be exploited to prevent colonization of L. pneumophila in DHW 
systems. Another question that remains to be answered is to what extent the intracellular 
lifestyle contributes to L. pneumophila biofilm resistance to decontamination in situ [112]. A 
thorough knowledge and understanding of L. pneumophila ecology in relation to biofilm 
communities is of primary importance to make a simulation model in the search for innovative 
and effective control strategies to prevent the occurrence of Legionella disease cases. Future 
research is needed on several aspects like for example biofilm detachment rates, the distribution 
of L. pneumophila bacteria in the biofilm, biofilm thickness and whether or not there is exchange 
of bacteria in the biofilm along the pipes axis. Ultimately, future research can yield valuable 
information that can lead to solutions for prevention and protection against L. pneumophila 
contaminations. 
From the literature review we can conclude that the most important water treatment techniques 
are (in decreasing number of importance) pasteurization, shock decontamination, UV radiation, 
copper-silver ionization and chemical treatment. These different techniques were listed to give 
an up to date overview, however in this PhD only thermal treatments are further investigated as 
this is the preferred water treatment technique in guidelines and regulations. 
Including L. pneumophila in conventional DHW modelling requires to model L. pneumophila in 
water as a trace substance in the mass conservation equation of the DHW system component as 
in Equation 1.4. The concentration of L. pneumophila can be modelled with equation 1.2, the 
temperature dependency of L. pneumophila can be derived from Equation 1.7 and Figure 1.7B and 
Figure 1.7C. From the analyses of different kinds of biofilm models the conclusion is made that 
an analytical biofilm model fits the purpose of this work and can operate with available 
information. This means that L. pneumophila is modelled in the same way as it is modelled in 
water, except for the fact that the temperature dependency is different for L. pneumophila in 
biofilm and should be derived from Equation 1.8 instead of Equation 1.7. There is an exchange of 
bacteria between biofilm and water. A certain amount (assumed 95%) of L. pneumophila in water 
enters the biofilm where it grows and once again contaminates running water. We have to take 
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into account that the mass conservation of a system component as a whole (e.g., pipe with biofilm 
and water) needs to remain zero. 
1.4.8 Novelty doctoral thesis 
The novelty of this doctoral thesis is that a simulation model is developed, calibrated and 
validated that allows investigating the contamination risk for L. pneumophila in the design phase 
of a DHW system and at the same time to test the effectiveness of water treatment techniques 
on a contaminated system. Before, to the authors’ knowledge, no similar attempt has been made 
in the scientific world to model L. pneumophila in DHW systems because of lack of information. 
Over the last two decades little research has been published on L. pneumophila on DHW system 
level with a combined engineering-biological point of view. 
By developing a simulation model that allows assessing L. pneumophila contamination risk, in 
future DHW system designers will be able to reduce energy demand for DHW production, by for 
example combining a DHW set point temperature of 45°C with a scientifically chosen heat shock 
regime, thus keeping an equilibrium between energy efficient and healthy buildings. 
1.5 Outline of doctoral thesis chapters 
This doctoral thesis consists of eight separate chapters. These chapters have been written as a 
compilation of six journal publications, some of them still being in the review process or being 
published in the meantime. An overview of the chapters and the corresponding papers and 
journals, as well as a summary of each chapter, is given below.  
 Chapter 1: ‘Introduction’. 
 Chapter 2: ‘Overview and comparison of Legionella regulations worldwide’ in American 
Journal of Infection Control, accepted 2018. 
 Chapter 3: ‘Simulation of Legionella concentration in Domestic Hot Water: Comparison 
of pipe and boiler models’ in Journal of Building Performance Simulation, accepted 
2018. 
 Chapter 4: ‘Model calibration for Legionella pneumophila in domestic hot water 
system simulation’, in review 2018. 
 Chapter 5: ‘Trade-off between Legionella pneumophila infection risk and energy 
efficiency: optimising design and operation parameters of domestic hot water systems 
using building energy simulations’, in review 2018. 
 Chapter 6: ‘Legionella pneumophila on tap: assessment of renovation scenarios for 
infected domestic hot water systems using building energy simulation’, in review 2018. 
 Chapter 7: ‘Legionella on tap: assessment of renovation scenarios for infected 
domestic cold water systems using building energy simulation’, in review 2018. 
 Chapter 8: ‘Conclusions’. 
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1.5.1 Chapter 1 - Introduction 
The literature review offers an up to date overview of the system contamination process, the 
effectiveness of water treatment techniques and a research of the modelling parameters and 
specifications. From the literature review we can conclude that the most important parameters 
in the system contamination process for the model are temperature, volume flow rate, flow 
frequency (stagnation), presence of biofilm and nutrients. 
As for water treatment techniques modelling of decontamination techniques can be done (in 
decreasing number of importance) by pasteurization, shock decontamination, UV radiation, 
copper-silver ionization and chemical treatment. Finally for the modelling techniques, including 
L. pneumophila in conventional DHW models, requires to add L. pneumophila in water as a trace 
substance in the mass conservation equation of the DHW system component. From the analyses 
of different kinds of biofilm models the conclusion is made that an analytical biofilm model fits 
the purpose of this work. 
1.5.2 Chapter 2 - Legionella pneumophila regulations 
Many countries have guidelines or regulations to control L. pneumophila in water systems and to 
prevent Legionellosis. The guidelines and standards are based on field and laboratory 
observations and measurements. Existing guidelines and standards are investigated to get an 
insight in whether or not and how the knowledge about Legionella growth is translated into 
these documents. 
On the one hand it is very difficult to eradicate L. pneumophila from a complex DHW system. On 
the other hand a count of 0cfu/l of L. pneumophila does not guarantee a total absence of the 
bacterium. Counting of viable and culturable L. pneumophila bacteria is done by accredited 
laboratories working with either ISO or local standards, which should also be linked to 
International Standard ISO 11731-2 [118]. As the compliance thresholds depend on local 
regulations, there are important differences between countries’ recommended strategies to 
prevent L. pneumophila growth, sampling frequencies, detection limits, thresholds and actions 
required for alert thresholds. Legionella is present in all water supplies, but how much is too 
much? The critical level of Legionella can be used as a boundary condition for L. pneumophila 
simulations. From the existing Legionella regulations and guidelines we have noticed that a 
boundary concentration of 1 000cfu/l for our simulation model is a realistic approach. We have 
also learned that the currently used temperature regimes are 60°C for production and 55°C when 
leaving the tap. 
Simulating biological processes could be a basis to develop an accurate scientific update for 
existing regulations and guidelines because L. pneumophila growth simulation can result in a 
more accurate prediction of the concentration of L. pneumophila bacteria. 
1.5.3 Chapter 3 - Simulation model 
The energy needed for the production of DHW represents an important share in the total energy 
demand of well-insulated and airtight buildings. DHW is produced, stored and distributed above 
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60°C to kill L. pneumophila. This elevated temperature is not necessary for DHW applications and 
has a negative effect on the efficiency of hot water production units. 
In Chapter 3, system component models are developed and updated with L. pneumophila growth 
equations. For that purpose different existing Modelica pipe and boiler models are investigated 
to select those components that are most compatible to the goals of this study and that could 
be extended with equations for simulation of L. pneumophila bacteria growth in DHW. 
The new simulation model components allow to investigate the contamination risk for 
L. pneumophila in a DHW system. Some first proof of concept results are presented for a simple 
system application. They show that the growth curves and equations can be translated into a 
dynamic simulation model responding to temperature and volume flow rate variations. The 
simulation results confirm that if the volume flow rate is low, more L. pneumophila is present in 
the system, so stagnant areas are the most dangerous. Insulation should be added to the primary 
piping network to keep the temperatures out of the critical temperature range. Additionally to 
the system conclusions, some simulation conclusions can be drawn. The length of one pipe 
volume segment can be up to 10m. No significant differences in concentration are seen for 
smaller pipe volume segment lengths. The smaller the timestep the more accurate the results, 
although for a timestep of 100s or less sufficient L. pneumophila results are obtained. 
The work performed in this chapter can also be expanded. The component models are validated 
based on growth curves. These growth curves are however conceived in laboratory conditions. 
The model will be further preliminarily calibrated and validated dynamically in Chapter 4 based 
on DHW test rig measurements. 
By developing a simulation model that allows assessing the contamination risk for 
L. pneumophila in the design phase of a DHW system under dynamic conditions, the 
contamination risk associated with a design can be assessed, temperature regimes can be 
optimised, better hydronic controls can be chosen and the energy demand for DHW production 
can be reduced. Simulation of more realistic and extensive systems is part of Chapter 5 and 
Chapter 6. 
1.5.4 Chapter 4 - Calibration of model 
In Chapter 4, the simulation model developed in Modelica Dymola is preliminarily calibrated and 
validated based on temperature, mass flow rate measurements (thermohydraulic validation) and 
L. pneumophila growth measurements (biologic validation). The measurements are performed in 
lab conditions at the BBRI, in a full-scale test facility that represents a DHW system of an 
apartment building. L. pneumophila is added to the test facility in a controlled way and the 
evolution of L. pneumophila concentrations is punctually monitored over time. 
The comparison between simulated and measured values shows a good fit of the calibrated 
model in comparison to standard acceptance criteria. The model can be considered preliminarily 
calibrated and validated for a set point temperature of 45°C and a heat shock temperature of 
60°C. RMSE-values between 0.51 and 2.15K, MBE-values between -0.010 and 1.199% and CV(RMSE) 
between 0.158 and 0.734% are achieved for the validation of the thermohydraulic system 
simulation model, with insulation, mass flow rate and cold water temperature as most sensitive 
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model parameters. While for the L. pneumophila growth model RMSE-values between 435cfu/l 
and 714cfu/l, MBE-values between -0.000527% and -0.000561% and CV(RMSE) between 
0.00069% and 0.00133% are achieved, with the volume of biofilm, mass transfer coefficient 
between biofilm and water and the growth equations for L. pneumophila in water and biofilm as 
the most sensitive model parameters. 
At this stage, the model allows defining the best possible renovation strategy for existing 
systems, moreover it can help HVAC designers to quantify and decrease the L. pneumophila 
contamination risk during a building system’s design phase and to reduce energy use in DHW 
systems significantly. 
1.5.5 Chapter 5 - Case study energy savings 
In Chapter 5, the contamination risk associated with the design of a case study apartment 
building recirculation DHW system (132 apartments) is thoroughly assessed with the simulation 
model. As measurements confirmed that no L. pneumophila contamination is present in the DHW 
system, the influence of design and operation parameters has been tested and temperature 
regimes have been optimised in order to save energy without increasing L. pneumophila 
contamination risk. The heat shock regulation proves to be of high potential. A set point 
temperature of 37°C (instead of 60°C) in combination with dynamic heat shocks (to 65°C) once 
100cfu/l has been reached shows that it is possible to reduce the energy demand for DHW with 
38% in comparison with a constant high temperature regime of 60°C. 
1.5.6 Chapter 6 and 7 - Case study decontamination 
L. pneumophila is naturally present in water. The bacterium is almost undetectable in water that 
enters the building, but in collective DHW installations, situations can occur that stimulate 
growth. Collective DHW systems are often present in apartment buildings. Many of these existing 
collective systems are not optimally designed. Problems related to comfort or energy use often 
occur, such as stagnation of water, lukewarm water that should actually be cold or Legionella 
bacteria growth in the pipes. These problems may result in increased health risks and excess 
energy use. In existing buildings it is not easy to identify and solve these issues. Simulation 
models for DHW systems can be developed and have the potential to be of great importance in 
the design, renovation and optimisation of (residential) buildings. 
In this case, Legionella concentration, temperature and mass flow rate measurements have been 
performed in four case study apartment buildings, of which both DHW and DCW were found to be 
contaminated with L. pneumophila. The system simulation model is used to investigate the 
growth of L. pneumophila in the systems and to compare and quantify different renovation 
measures on the DHW system based on health, comfort and energy use criteria. Renovation 
measures to optimise hot water (> 55°C at tap) and cold water (< 20°C) temperatures throughout 
the system  are investigated together with the predicted L. pneumophila concentrations. These 
measures are compared with the Best Available Technical Measures [197]. The Best Available 
Technical Measures give an overview of the best available techniques for controlling Legionella. 
The most effective measures for the DHW system are adding insulation and balancing the system 
hydraulically. Adding 3cm insulation results in 29% less energy use (> 55°C at tap). A heat shock 
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once a week from 45°C to 60°C (60°C is reached at the worst case area of the system for a 
duration of one hour) proves to be suitable. 
The most effective measures in keeping DCW temperatures below 20°C are separating DCW and 
DHW pipes in different shafts and/or adding insulation. Insulating DCW pipes can lower the DCW 
temperature with 4°C (< 20°C at tap). 
When these best case optimisation measures are evaluated in terms of L. pneumophila 
concentration, no alarming concentrations are found in the proposed renovation scenario of the 
DHW and DCW system compared to the original system. This case study proves that the added 
value of the biological growth model lies in the possibility to evaluate dynamic methods for 
Legionella control (such as heat shocks). Furthermore, the case study buildings prove that HVAC 
designers can reduce the gross energy use for DHW in existing DHW systems up to 43% depending 
on the scenario. 
1.5.7 Chapter 8 - Conclusions 
In Chapter 8 overall conclusions are made, limitations are identified and directions for future 
research are given. 
1.6 Discussion 
There are a multitude of factors that can influence how L. pneumophila colonizes biofilms, and 
likely many more that remain to be uncovered. Although there have been significant advances in 
understanding L. pneumophila biofilm formation and colonization, there is much that remains 
unknown. The presence of other microbial species and physiochemical parameters are all factors 
that could potentially be exploited to prevent colonization of L. pneumophila in DHW systems. 
Another question that remains to be answered is to what extent the intracellular lifestyle 
contributes to L. pneumophila biofilm resistance to decontamination in situ. A thorough 
knowledge and understanding of L. pneumophila ecology in relation to biofilm communities is of 
primary importance to make a simulation model in the search for innovative and effective control 
strategies to prevent the occurrence of Legionella disease cases. Future research is needed on 
several aspects like for example biofilm detachment rates, the distribution of L. pneumophila 
bacteria in the biofilm, biofilm thickness, whether or not there is exchange of bacteria in the 
biofilm along the pipes axis,… 
Moreover, there is still a large knowledge gap in literature about the influence of 
decontamination techniques on the growth of L. pneumophila species in amoebae and in biofilm. 
More research is needed on this subject to allow for more detailed modelling. We know from 
literature that multiplication of L. pneumophila between 20°C and 30°C is quicker if Legionella 
is present in the biofilm, but we cannot yet quantify it. Based on future research this part of the 
growth curve (Figure 1.9) can be replaced at a later stage. Ultimately, this future research can 
yield valuable information that can lead to solutions for prevention of and protection against 
L. pneumophila contaminations. 
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In the drinking water field, ‘flow rate’ will often refer to the ‘volume flow rate’ or ‘velocity’ [m³/s] 
through the pipe. This will affect L. pneumophila growth, as it affects the shear forces on the 
biofilm. However, further in this PhD there will sometimes be referred to ‘mass flow rate’ [kg/s] 
through the system, as Modelica and some flow meters used, work with mass flow rates instead 
of volume flow rates. There will also be referred to ‘flow frequency’, as reference to e.g., 
stagnation. It should be clarified whenever referring to the mass flow rate, that it can be variable 
over time. 
All L. pneumophila concentrations, mentioned in this PhD, were analysed by the laboratory of 
WTCB. The laboratory of WTCB has a BELAC accreditation for Legionella analyses and a VLAREL 
recognition for sampling and analysis of Legionella. One Legionella measurement is the result of 
one sample taken at each point in the DHW installation, no biological or technical triplicates are 
made. The culture method is used for Legionella analysis, conform ISO 11731:1998 (and ISO 
11731:2017). The culture media used are Legionella GVPC and Legionella BCYE + cysteine. Filtration 
is done for 1000ml water. The detection limit of the culture method is 50cfu/l. 
1.7 Conclusion 
The literature review provides a basis to better understand the principles and define the 
important parameters for L. pneumophila growth modelling, the DHW system contamination 
process and decontamination techniques. We can conclude from literature that the most 
important parameters for the model in the system contamination process are temperature, 
volume flow rate, flow frequency (stagnation), presence of biofilm and nutrients. As for water 
treatment techniques the most effective decontamination techniques are pasteurization, shock 
decontamination, UV radiation and copper-silver ionization. From the existing Legionella 
regulations and guidelines we have learned the currently used temperature regimes (production 
at 60°C, 55°C leaving the tap). We have noticed that a boundary concentration of 1 000cfu/l for 
our simulation model is a realistic approach. Based on these key parameters coming from 
literature it is possible to develop a simulation model. For the purpose of our research we make 
a few assumptions to model the biofilm based on the information (or lack of information) that 
we have. 
1.8 Future research 
Based on the literature review two recommendations can be made for future research. First the 
authors suggest that eradication of Legionella requires a better understanding of the ecology 
and interaction of the bacterial species associated with Legionella-containing biofilms. Secondly, 
the literature review can be used as background for making a simulation model that predicts the 
L. pneumophila contamination risk of commonly used DHW configurations. These configurations 
can be selected from REHVA (Federation of European Heating, Ventilation and Air Conditioning 
Associations) to assess current design guidelines for DHW systems and to propose new design 
guidelines for these configurations based on an optimisation study that looks at the trade-off 
between L. pneumophila contamination risk and energy efficiency. 
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By developing a simulation model (Chapter 3) that allows assessing the L. pneumophila 
contamination risk of the DHW system in dynamic conditions, HVAC designers will first be able to 
thoroughly assess the contamination risk associated with their design and secondly to optimise 
temperature regimes, choose better hydronic controls and reduce energy demand for DHW 
production. Simulating L. pneumophila growth can ultimately result in a more accurate prediction 
of the concentration of L. pneumophila bacteria and can be a firm and scientific base for updating 
existing standards and guidelines.
 2 
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Abstract 
Legionnaires’ Disease occurs worldwide. Many authorities have guidelines and regulations to 
prevent and control Legionella in water systems. These regulations are based on often very 
limited field and laboratory observations and measurements. They are, therefore, very different 
from country to country. This chapter aims to map the existing regulatory framework on 
worldwide Legionella control in the world to assess the feasibility of regulatory unification. 
The chapter gives an overview of the different standards, guidelines and recommendations as 
well as how various authorities and/or countries deal with Legionella contamination. A three-
step process is followed to identify current regulations. 
Although Legionella is a global concern with a common scientific base, the regulatory framework 
is different from country to country. The current guidelines and standards are not the best 
possible. Despite different regulatory frameworks, there is still broad unification of underlying 
principles. Common principles across regulations are avoiding and monitoring critical spots, 
avoiding water stagnation and maintaining sufficiently high temperature (above 60°C, below 
25°C). Differences between regulations are the target group and dangerous Legionella 
concentration levels. 
The comparative analysis of the framework is a good starting point to reach future regulatory 




2.1.1 Background Legionella 
Legionnaires’ Disease (Legionellosis) is believed to occur worldwide. 39 different species of 
Legionella have been identified. The most common and dangerous for humans is Legionella 
pneumophila. L. pneumophila exists as part of the natural microbial flora of many aquatic 
ecosystems. L. pneumophila appears in most water supplies - including lakes, ponds and rivers - 
in low concentration and in dormant stage, but L. pneumophila from natural habitats can increase 
remarkably in artificial hot water systems where the temperature is optimal for their growth, 
which can reach dangerous concentrations [3]. 
Various countries have different recommended strategies for preventing L. pneumophila growth. 
Important differences can be noted in the way they measure dangerous concentrations, employ 
water sampling frequency and L. pneumophila alert levels and institute required actions. 
Recommended strategies depend on local regulations, though the problem is occurring 
worldwide since Legionella is naturally present in water. Geographical differences are not 
sufficiently significant to require customization of contamination control practice by region. 
The incidence of community-acquired Legionnaires’ Disease varies widely according to the level 
of surveillance and reporting. In the USA, reported cases of Legionnaires’ Disease have grown by 
nearly four and a half times since 2000. It is unclear whether this increase has occurred because 
of increased awareness and testing, increased susceptibility of the population, 
increased Legionella presence in the environment, or a combination of factors [174]. In Europe, 
the USA and Australia there are about 10-15 cases per million reported annually [6]. This is still 
believed to be a serious underestimation since many countries lack sufficient surveillance 
systems or appropriate methods of diagnosing the contamination. This means the actual rate of 
occurrence is unknown. 
Many countries have guidelines or standards for the control of Legionella in water systems and 
for the prevention of Legionellosis. These guidelines and standards are based on field and 
laboratory observations and measurements. In this chapter, existing guidelines and standards 
are identified and investigated to gain insight into how and whether scientific knowledge about 
Legionella growth is translated into these protocols. The chapter also provides an overview of 
the most relevant features of existing Legionella standards and guidelines. 
For better understanding, technical terms used throughout the chapter are indicated visually in 
Figure 2.1. 
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Figure 2.1 Domestic hot water system with indication of components (adapted from [175]). 
2.1.2 Why more uniform regulations are needed 
Although there are different environmental circumstances worldwide, more uniform regulations 
are needed. Since 1985, studies have shown that Legionella is present in all segments of 
community water supplies, including treatment facilities [176], [177], [178], [179]. The 1985 
Legionella Criteria Document states that Legionella is widely distributed in the natural 
environment worldwide [180]. Legionella exhibits the ability to survive in an extremely wide 
range of conditions in both natural and artificial aquatic habitats. Its survival is enhanced by 
symbiotic relationships with other microorganisms. For example, Legionella has the unique 
ability to multiply within protozoan cells, which helps it survive over a wide temperature range 
and resist the effects of chlorine, biocides, and other decontaminants. 
Current regulations include a wide range of climatologic circumstances and the same measures 
are recommended for different environmental circumstances worldwide, as environmental 
circumstance is not important to the growth of Legionella. What does matter, independent of the 
dominating climate, is the design of the DHW system in a building.  
Seasonal changes in environmental humidity do not influence the etiology of Legionella 
contaminations [181]. There is only one environmental parameter that is important, and that is 
the fresh water temperature. If the temperature is too high (in warmer countries), some 
regulations allow chemical decontamination because a significant correlation is observed 
between higher fresh water temperatures and the presence of L. pneumophila. However, the 
same circumstances ensure whether growth will occur because this is not dependent on the 
dominant climate but on the domestic hot water installation characteristics. A higher fresh water 
temperature only provokes a time shift in Legionella growth, meaning growth will occur earlier 
in warmer countries.  
Hence, comparing these frameworks can be a first step on the path to future unification. Clearer 
and more uniform and unambiguous regulations would facilitate their implementation. 
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2.2 Methods: overview of Legionella regulations 
Guidelines are advisory, whereas standards and codes of practice have a more formal standing 
and are supported by legislative enforcement. From this point in the chapter, the word 
“regulations” will be used to refer to all categories. Current regulations vary in scope but usually 
include certain common features, such as a risk management approach. This plan can include 
specific information on managerial responsibility and operator competency [15]. Some guidelines 
are very broad [182], [183], whereas others deal with specific circumstances, such as 
contamination control within health care facilities [184], [185], [186] or travel-related disease 
[186], [187], [188], [189], [190], [191]. 
In the next sections, a description is given of how the regulations, included in this chapter, are 
identified so as to be methodologically reproducible. Afterwards, the most relevant regulations 
are discussed. The authors first focus on worldwide standards, and then regional and national 
standards are discussed. 
2.2.1 Methodology for identifying regulations 
Identification of current guidelines occurred in three sequential steps. First, the authors 
performed a literature review in which Legionella research was classified based on the 
geographic context. Based on this identification, experts were contacted per region, and 
questions were asked about the current guidelines and standards in their country. At the same 
time, government websites were researched to identify missing documents. As a final step, 
documents were then translated. 
2.2.1.1 Literature review on Legionella 
A standard literature review starts by searching online subscription-based websites that provide 
scientific citation indexing services. However, guidelines, standards or regulations cannot be 
found in this way. For this chapter, a literature search was performed only with the aim to identify 
the most influential Legionella researchers. 
In Figure 2.2A research published over the years about Legionella is shown. When performing a 
literature search for the keyword “Legionella” in scientific journals in all fields - meaning the 
word Legionella appears at least once in the whole paper - 15 589 results were found. Research 
on Legionella has been published since the 1970s. The number of articles has been increasing 
since 1979. When looking for the more specific keyword "Legionella pneumophila" (all 
combinations of capitals) in all fields, 7 615 results were found. The curve is an offset of the curve 
in Figure 2.2A, meaning publications follow a similar evolution over time. 
The next step was looking for the keyword “Legionella pneumophila” in the abstracts, titles and 
keywords of journal articles - meaning the words Legionella pneumophila appear at least once 
in these sections instead of in the article as a whole - and 1 109 results were found from 1979 to 
2016. This follows the same trend as the curve in Figure 2.2A, with a peak in 2014 (Annex 2A Figure 
A2.1). 
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Because regulations focus on Legionella pneumophila in domestic hot water (DHW) the next step 
was to look for combined keywords "Legionella pneumophila" AND "domestic hot water" or 
"Legionella pneumophila" AND "DHW" in all fields. This resulted in only 45 hits (Figure 2.2B).  
  
Figure 2.2 A. Literature search on keyword "Legionella" in all fields gave 15 589 results. B. Literature search 
of “Legionella pneumophila” AND “domestic hot water” in all fields gave 45 results. 
These results were looked at in more detail. The results were divided into different categories 
based on the geographical context of the paper (i.e., country where the research was executed, 
in most cases equal to the country where a case study was conducted) (Figure 2.3). 
 
Figure 2.3 Research on “Legionella pneumophila” AND “domestic hot water” divided in geographic context. 
Based on this last literature search step, experts per country/region were identified and 
contacted, and questions were asked about the current guidelines and standards in their 
country/region. At the same time, government websites were researched to identify missing 
documents. 
The authors started on macroscale, with clearly identifiable parts of the world, and narrowed the 
focus in the next steps. More attention was given to industrialized countries because they have 
central water systems that enhance bacteria growth. This methodology does not guarantee 
completeness, but most of the world - especially the regions with most Legionella 











































































































































2.2.2 Legionella regulations worldwide 
2.2.2.1 World Health Organisation 
The goal of the World Health Organisation (WHO) is to build a healthier future for people all over 
the world. Working through offices in more than 150 countries, WHO works side by side with 
governments and other partners to ensure the highest attainable health level. WHO currently 
provides information and guidance on Legionella risk assessment and management in seven 
principal documents (Annex 2B). 
These documents review the current state of knowledge about the impact of Legionella on health. 
They provide an overview of the sources, ecology and identification of Legionella in laboratory. 
They provide guidance on risk assessment and management associated with potentially 
dangerous environments. The documents also identify necessary measures for preventing or 
adequately controlling the Legionella exposure risk for each particular environment. WHO gives 
some information about preferential temperatures for cold water, stating that to prevent 
Legionella contamination, the recommended temperature for cold water storage and distribution 
is below 25°C and ideally below 20°C. For hot water the organisation states only that maintaining 
temperature within buildings is an important control measure for preventing or minimizing 
Legionella growth. No quantitative information about critical levels is mentioned. Because of the 
difficulty in determining what represents an acceptable Legionella level limit, WHO states that 
health-based targets usually focus on controlling Legionella proliferation and aerosol production 
and release. However, sometimes health-based target levels for Legionella safety are set 
nationally and applied locally. 
2.2.3 European Union 
2.2.3.1 European Working Group for Legionella Infections (government) 
The European Working Group for Legionella Infections (EWGLI) was formed in 1986. Its 
membership comprises scientists with an interest in improving knowledge and information 
regarding the epidemiologic and microbiological (clinical and environmental) aspects of 
Legionnaires’ Disease. EWGLI is coordinated and managed by the European Centre for Disease 
Prevention and Control (ECDC) in Sweden [192]. 
The technical guidelines formulated by EWGLI support all Member States of the European 
Commission [193]. This makes the information more concise and less specific. Furthermore, the 
measures are valid for both cold and hot water installations. On the other hand, the scope of 
application is not restricted to public establishments, although it is in some Member States 
regulations.  
The possible measures put forward by EWGLI can be divided into three methods, each of which 
can independently limit the growth of L. pneumophila. First, proper monitoring of the DHW 
system is of great importance. Critical spots need to be inspected properly in order to notice 
problems quickly to limit possible infection; the principles are mentioned in Annex 2B. 
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Secondly, the most commonly used measure in many countries is the requirement of a 
sufficiently high temperature at the storage tank to prevent L. pneumophila growth. An overview 
of measures affecting temperatures in the installation is given in Annex 2B. 
Thirdly, to prevent proliferation of L. pneumophila, water stagnation in certain parts of the 
systems should be avoided. Possible measures are given in Annex 2B. 
The critical L. pneumophila concentrations and associated measures, according to EWGLI, are 
summarized in Table 2.1. 
Table 2.1. Critical concentrations of L. pneumophila according to EWGLI [285]. 
Concentration limit Measure 
Between 
1 000 and  
10 000cfu/l 
< 20% of samples Resampling necessary 
 
If after resampling a similar amount of samples are contaminated, it is 
recommended to take measures to lower the concentration 
> 20% of samples Obligation to take measures to decrease concentration 
 
Decontamination should be considered 
More than 
10 000cfu/l 
 Resampling necessary 
 
Take immediate action to lower the concentration, for example: 
decontamination 
 
The critical concentrations, as set by EWGLI, can be interpreted by each country. An example is 
given of limit values for Legionella concentrations in health care settings in France, where two 
levels are specified. Health care buildings destined for patients with individual risk factors, such 
as the elderly or those with e.g., tobacco addiction, need to comply with: 
 Target level  < 1 000cfu/l L. pneumophila 
 Alert level  1 000cfu/l L. pneumophila 
 Maximum level  10 000cfu/l L. pneumophila 
For high-risk patients, e.g., with severe immunodepression or undergone transplantation, the 
target levels are stricter: 
 Target level  not detectable 
 Alert level  250cfu/l Legionella spp. 
Because a count of 0cfu/l of L. pneumophila does not guarantee a total absence of the bacteria, 
it is very difficult to ensure eradication of L. pneumophila from a complex DHW system. The 
counting of viable and culturable L. pneumophila bacteria is done by accredited laboratories 
working with the International Organization for Standardization or local standards that should 
also be linked to ISO 11731-2 [118]. 
2.2.3.2 REHVA (industry) 
Federation of European Heating, Ventilation and Air Conditioning Associations’ guidebook no. 18, 
Legionellosis Prevention in Building water and HVAC Systems, was published in 2013 [118]. This 
guidebook is a practical guide for design, operation and maintenance to minimize the risk of 
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Legionellosis in building water and HVAC systems. The subject of the guidebook is installations 
that are at the highest risk level: air conditioning (with humidification), production of hot water 
for washing, evaporative cooling towers and energy efficient (i.e., low temperature) installations. 
2.2.3.3 Authorities of European countries 
First two examples of EGWLI implementations are discussed, followed by an overview of 
European countries. 
Germany 
In Germany, there is Code of practice W551 (2004) for drinking water installations, which 
recommends some best plumbing practices, as can be seen in Annex 2B [194], [195]. 
In Association of German Engineers/German Technical and Scientific Association for Gas and 
Water, VDI/DVGW Guideline 6023, which focuses on water installations, action limits are 
determined and the importance of staff qualification and training is emphasized. Regarding 
action levels, Germany follows the levels determined by the European Union [196]. They add that 
when 10 000cfu/100ml is measured, immediate action should be taken. This concentration is ten 
times higher than the highest action level set by EWGLI. W556 (2015) contains a flowchart about 
actions required when an existing drinking water installation is infected. 
Belgium 
In Belgium, Legionellosis is a notifiable disease. The critical Legionella levels vary between 1 000 
and 100 000cfu/l depending on the risk. Belgium’s three regions are subject to different regional 
regulations. Only one guideline and one regulation apply to all of Belgium: hospitals are subject 
to the Advice of the Health Council and employees are protected at work from the risks related 
to biological agents by Codex: KB Biologic Agents (Royal Decree of August 4th 1996). Additionally 
in Flanders the Legionella Decree and Best Available Technical Measures (BBT) are applicable 
[197]. The Best Available Technical Measures give an overview of the best available methods for 
controlling Legionella. In Brussels and Wallonia, there are complementary Legionella regulations 
regarding only public swimming pools.  In addition, both regions include requirements on cooling 
towers in environmental building permits.  
2.2.3.4 Summary of European regulations per country 
Regulations in several European countries are summarized in Table 2.2. In the first column the 
country is listed. In the second, the object to which the regulations apply (in green) is listed. In 
the third column, the allowed critical concentration levels are displayed, if deviant from the 
critical concentrations set by EWGLI. In the fourth column, the context of the origin of the 
regulations is listed. In the last column, the name of the document is stated, with some additional 
information, if relevant [15]. 
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Table 2.2 Summary of regulations and guidelines in European countries (adapted from [191]) [192], [197], 
[198], [199], [200], [201], [202], [203]. 
 
2.2.4 United States of America 
In the USA, there were only guidelines - no regulations - until 2015. In 2015, the first official 
requirement to test for Legionella in cooling towers was released. This was followed in 2016 by 
the requirement to test for Legionella in health care facilities [204]. 
2.2.4.1 ASTM and CDC (government) 
Centers for Disease Control and Prevention guidelines (CDC) exist for prevention of and reaction 
to outbreaks [186], [187], [188], [189], [205]. There is a toolkit available on the website that is 
 














if deviant from 
EWGLI 
regulation  
Austria               Health 
 Bathing hygiene 
 Aspects of drinking water (decree of Ministry of Health) 
 Special decree for prevention in spa pools and water systems of 
swimming pools 
 Some provinces: regulations by public health authorities 
       




            1 000 -   Environment 
 Public health 
 Labor safety 
 Biosafety  
 Guidelines for hospitals and policy rule on working conditions (KB 
biological agents) 
 Legionella Decree and Code of practice for prevention of 
Legionnaires' disease (BBT) (Flanders) 
 Regulation for pools and cooling towers (Brussels and Wallonia) 
 Different risk levels covered 
      100 000  
      
cfu/l 
Bulgaria               Public health   
Croatia               Public health  Guidelines - Law on communicable diseases 
England and 
Wales 
              Health and 
(management of) 
safety at work 
 Health 
 Primary legislation, Approved Code of Practice and Guidance, Other 
legislation: reporting of diseases, water supply (water fittings), 
notification of cooling towers, TM13, HPA, HPSC, BS 
       
       
Finland               Health protection 
 Housing health 




       
       
       
France partially           250 - 
10 000 
 Public health 
 Drinking water 
 Environment 
  
      cfu/l 
Germany             10 000 cfu/  Public health 
 Drinking water 
 Code of practice W551 (April 2004), W556 (2015), VDI/DVGW Guideline 
6023 (2012), IPA       100ml 
Hungary              
 
 There are plans to develop regulations on general prevention of 
Legionellosis        
Ireland               Labor safety  Guidelines 
 Special attention is given to potential risks of dentist systems and 
high risk in hospitals       
 
Italy               Public health  Guidelines for the prevention and control of Legionellosis 
Latvia               Labor safety 
 Public health 
  
       
Lithuania hot water 
only 
           Public health 
 Drinking water 
 Recommendations mainly aimed at clinical manifestation, 
diagnostics and treatment of Legionellosis 
 Lithuanian hygiene standard 
 Draft of regulations for Legionellosis  aimed at prevention in 
institutions and accommodation where water is stored or used for 
work 
       
       
       
       
       
Malta               Public health  Code of practice for prevention of Legionnaires' disease in hotels and 
other establishments        
The 
Netherlands 
            100  Drinking water 
 Bathing hygiene 
 Safe labor 
 Infectious diseases 
 Public health 
 Drinking water decree and guidance document (ISSO- publication 55) 
 Decree on bathing locations and guidance document 
 Policy rule on working conditions 
 Public Health Act 
 Act on infectious diseases 
      cfu/l 
       
       
       
Poland              
  
 Regulations on Legionella prevention in drinking water under 
discussion 
 Regulation of new buildings construction under discussion 
 Act on infectious diseases and infections 
       
      
 
Portugal              
  
 Elaboration of legislation concerning installation and use of air-
conditioning and cooling towers equipment 
 Prevention guidelines       
 
Slovenia         Environment 
 Water 
 Building construction 
 
      
 
Sweden               Public health 
 Building construction 
 Mandatory regulations and general recommendations 
       
Turkey                  
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very useful for developing a Legionella water management program [206], [207]. There is also 
the Industrial Hygiene Association Guideline (IHA) with recommendations for Legionella testing. 
American Society for Testing and Materials ASTM D5952-08, Standard Guide for the Inspection of 
Water Systems for Legionella and the Investigation of Possible Outbreaks of Legionellosis 
(Legionnaires’ Disease or Pontiac Fever) dates from 2015 [208]. The guide explains appropriate 
responses for employers, building owners and operators, facility managers, health and safety 
professionals, public health authorities, and others to the concern that a water system may be 
infected with Legionella and to the identification of one or more cases of Legionnaires’ Disease 
or Pontiac Fever [209]. 
In 2016, Legionella made the drinking water contaminants list of the United States Environmental 
Protection Agency (EPA). In 2017, the Centers for Medicare and Medicaid Services (CMS) released 
a mandate requiring all certified hospitals to have potable water testing and water management 
plans that meet American Society of Heating, Refrigerating and Air-Conditioning Engineers 
(ASHRAE) industry standards to reduce the Legionella risk. 
2.2.4.2 ASHRAE Standard and Guideline (industry) 
ASHRAE Guideline 12-2000 Minimizing the Risk of Legionellosis Associated with Building Water 
Systems provides specific environmental and operational guidelines for minimizing the risk of 
Legionella contamination in building water systems [182]. ASHRAE is currently working on a 
revision of these guidelines (2017). 
In 2015, ASHRAE released a standard for Legionella risk management. This was the first Legionella 
standard in the USA. American National Standard Institute (ANSI)/ASHRAE Standard 188-2015 
Legionellosis: Risk Management for Building Water Systems provides minimum Legionellosis risk 
management requirements for the design, construction, commissioning, operation, maintenance, 
repair, replacement, and expansion of new and existing buildings and their water systems and 
components [210]. The publication includes a description of environmental conditions that 
promote Legionella growth and the creation of a risk management process to be implemented 
by building owners or managers. 
The applicability of the standard depends on a survey of the building’s risk factors (based on 
listed criteria) [211] and provides a basis for identifying systems that pose a risk for Legionellosis. 
If the building has one or more risk factors, then application of the standard is dependent on the 
nature and number of risk factors identified. In some cases it also requires the site manager to 
develop a water management program. There is also a particular section that provides specific 
guidance for health care facilities. The standard does not provide a large amount of guidance on 
temperatures, water treatment strategies, or testing limits [212] and no critical levels of 
concentration are mentioned. 
However in the public review draft of Board of Standard Reviews (BSR)/ASHRAE Standard 188P: 
Prevention of Legionellosis Associated With Building Water Systems, water temperature 
recommendations for Legionella control are as follows: the hot water heater outlet temperature 
should be at or above 60°C; the hot water temperature at the coldest point in the hot water 
heater, storage tank or distribution system at or above 51°C; and the cold water temperature in 
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any part of the system at or below 25°C. If the HACCP (Hazard Analysis and Critical Control Points) 
team determines that these temperatures cannot be achieved, then it may conclude that 
additional hazard control measures are required [212]. 
2.2.5 Asia 
2.2.5.1 China 
In China, there is a code of practice for only water-cooled air conditioning systems (2006) [213]. 
Additionally there is a code of practice in Hong Kong. The Code of Practice for Prevention of 
Legionnaires’ Disease was first published by the Prevention of Legionnaires’ Disease Committee 
(PLDC) in 1994 and was subsequently revised in 2000, 2007 and 2012 [214]. Taking into account 
the experience and the evolving knowledge of other countries, as well as lessons from past major 
cases, the newest revised edition formulates strategies for Legionnaires’ Disease prevention. It 
features enhanced precautions for hot and cold water supply systems, from which it is possible 
to derive broader practical guidelines for proper design, operation, maintenance and handling of 
related facilities or materials to avoid the spread of L. pneumophila bacteria. The objects of the 
Code are cooling towers, air-conditioning systems, hot water supply systems, cold water supply 
systems, architectural fountains, spa pools (whirlpools), and other water using devices. The Code 
contains several chapters (Annex 2B). 
The Code states that the hot water storage tank of the system (e.g. directly or indirectly heated 
calorifier, storage vessel) shall be designed to operate at 60°C or above to effectively kill the 
bacteria and that the water temperature in all the distribution pipework prior to the thermostatic 
mixing valve or the tap outlet (for systems without mixing valve) shall be at least 50°C. However, 
in places where people with decreased self-care ability may use hot water (e.g. pediatric, 
geriatric, and psychiatric wards of hospitals; homes for the elderly; residential care homes for 
persons with disabilities), to prevent accidental scalding, the hot water supply temperature at 
outlets shall not exceed 43°C. No critical concentration levels are mentioned. 
2.2.5.2 Singapore 
In Singapore there is a Code of Practice for the Control of Legionella Bacteria in Cooling Towers 
published by the Institute of Environmental Epidemiology (IEE) [215]. No critical Legionella 
concentration levels are mentioned. 
2.2.5.3 Dubai 
In Dubai, there are Legionella guidelines and regulations, both of which are enforced. In contrast 
to other countries, there is a large focus on the use of seawater. Dental clinics have separate 
guidelines [216]. 
2.2.5.4 Russia 
In 1981, the first Russian Legionella guidelines appeared, with an update in 2017. In total there 
are seven national guidelines and recommendations (2007) concerning monitoring. In 2010, 
national rules for prevention of Legionellosis were enforced and target levels were determined. 
For hospitals for example, there is zero tolerance (0cfu/l) [217]. 
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2.2.6 Other countries 
New Zealand and Australia have a combined standards association air handling, water systems 
of buildings and microbial control [218]. 
2.2.6.1 New Zealand 
The guideline The Prevention of Legionellosis in New Zealand: Guidelines for the control of 
Legionella bacteria aims to increase awareness of the hazards associated with Legionella, 
improve the management of potential sources of Legionella, and improve reporting and 
investigation of cases of Legionellosis [219]. It provides up-to-date information, advice and 
guidance for minimizing the risk of significant infection in water of cooling towers and cold and 
hot water distribution systems. It is intended to assist all those concerned with Legionella, 
including public health service providers, territorial local authorities, building owners, air 
conditioning engineers, employers, and others dealing with building maintenance. No critical 
concentration levels are mentioned. 
2.2.6.2 Australia 
In Australia, there are over 25 guidelines, codes and regulations, but they are not always in 
agreement [220]. There have been Guidelines for the Control of Legionnaires’ Disease since 1988 
[221] – with an update in 1999 [222] - and a Code of Practice for the Control of Legionnaires’ 
Disease since 2004 [223]. The purpose of this code of practice is to assist and provide guidance 
to all those concerned with various aspects of microbial control in the specific systems that may 
harbor Legionella. This code emphasizes water and air systems of buildings but the content is 
equally applicable to equivalent industrial processes, such as power stations and process heat 
rejection devices that use water. No critical concentration levels are mentioned, except the 
threshold level of 10cfu/ml for cooling towers [224]. There is also a guide to develop risk 
management plans for cooling tower systems [225]. 
2.2.6.3 Africa 
South Africa has regulations for hazardous biological agents in which Legionella is identified. 
They demand the acceptance of responsibility for the control of exposure of individuals to 
Legionella [226], [227] and highlight the need for adequate training and information, risk 
assessment, monitoring and record keeping. However, this is limited by the fact that the 
regulations are generic and applicable to all entities identified as hazardous biological agents, 
with no defined and legislated code of practice specific to Legionella monitoring and control 
[228]. No guidelines are applicable to other parts of Africa. 
2.2.6.4 South America 
Most countries in South America also refer to ANSI/ASHRAE Standard 188 [212]. In Brazil Legionella 
is not a notifiable disease. Legionella is included in Federal Law 6.938/81, the Environmental Act, 
which mentions that, in case of human negligence, the responsible party is liable for Legionella 
infections resulting from not taking reasonable measures to prevent proliferation [229]. 
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2.2.7 Key factors of regulations 
Table 2.3 Key factors of regulations. 
  Reportable 
disease 
Presence of 



















temperature for storage and 
distribution of DCW is below 
25°C, and ideally below 
20°C. For hot water they 
only state that the hot 






















between 1 000 
and 10 000 
and above 10 
000cfu/l 
Temperature (total volume 
of the tank needs to be 
heated up to 60°C for at 
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The key points of the regulations are summarized in Table 2.3. In the first column the authority 
(organization, country or continent) is listed. In the subsequent columns, the following questions 
are answered: Is Legionella a reportable disease? Are there any testing guidelines? Have action 
levels for sampling results been determined? Are there maintenance strategies? Are there 
mitigation plans? 
2.2.8 What about temperature levels? 
Different authorities have different temperature regulations [95]. These regulations are 
summarized in Table 2.4. In the first column the authority (organization, country or continent) is 
listed; in the second the required temperature at the water heater is listed; in the third column 
the required temperature at the return loop; and in the fourth column the required temperature 
at the points of use is listed. 
Table 2.4 Comparison of temperature regulations by different authorities [221]. 
 Water heater Return loop Point of use 
WHO > 60°C > 55°C ≥ 50°C (after 1 minute) 
EWGLI ≥ 60°C (1 hour a day/week) ≥ 55°C ≥ 55°C (70°C should be possible) 
     UK       ≥ 60°C       ≥ 50°C /loop       ≥ 55°C (healthcare) 
     France       > 55°C (recommendation ≥ 60°C)       > 50°C       ≥ 50°C 
USA ≥ 60°C ≥ 51°C ≥ 43.3 - 49°C (healthcare) 
Asia ≥ 60°C / ≥ 50°C / ≤ 43°C (healthcare) 
2.2.9 Concerning chemical decontamination techniques 
The use of chemical decontamination is region-dependent. For the most part, free chlorine is used 
either at low concentrations as a secondary decontaminant (0.2-0.5mg/l) for the maintenance of 
water quality in distribution systems or at higher concentrations as an installation 
decontamination treatment called hyper chlorination [106]. Chlorination has many 
disadvantages, including the fact that 4 to 6mg/l of chlorine kills only 90% of L. pneumophila 
species. 
The national/local regulations concerning the admissible quantity of free chlorine in drinking 
water (at the user outlet) can vary from 0.1 to 1mg/l [222], [118]. In Belgium for example, the 
maximum concentration of chlorine is 0.25mg/l [124]. In Germany 0.2 to 0.4ppm of chlorine 
dioxide can be injected in water; the 0.4ppm limit is the highest in Europe. In Denmark, the 
addition of chlorine dioxide is prohibited in cold water; it is only allowed in hot water. Overall, in 
countries like Germany or Belgium chemical decontamination is avoided because of its 
disadvantages. First, it can damage plumbing components; secondly the long-term effect on 
human health is unknown. German risk regulation states: “Water is free from any micro-organism 
which constitutes a potential danger to human health” [196]. In Germany, Belgium and The 
Netherlands decontaminants are not used as preventive measures but are used during outbreaks. 
In Italy, this is impossible because the high cold water temperature (>20-25°C) causes Legionella 
growth in cold water, meaning that the initial concentration in water entering the building is 
already higher. 
In Europe, thermal treatment is recommended. Alternative treatments are only permitted when 
thermal treatment is insufficient. Alternative treatments are recommended in the following 
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order: (1) physical decontamination (pasteurization, UV radiation, micro- and ultra-filtration); (2) 
by electrochemical decontamination (copper-silver ionization, anodic oxidation); and (3) 
chemical decontamination (free chlorine, chlorine dioxide, etc.). 
2.3 Results 
2.3.1 Similarities in current regulations 
In reviewing existing Legionella regulations and guidelines, it can be noted that they have 
multiple similarities. Despite different regulatory frameworks, there is a broad unification of 
three principles. First, almost all guidelines have a section about avoiding and monitoring critical 
spots. Critical spots are locations in a hot water installation where water stays in the 
L. pneumophila growth temperature range for a certain time. These spots need to be inspected 
properly so that problems can be noticed quickly, limiting possible contamination. 
Secondly, several guidelines discuss measures for avoiding water stagnation in certain parts of 
the systems and thus preventing L. pneumophila proliferation. 
Thirdly, the most commonly used measure in many countries is the requirement of a sufficiently 
high temperature to prevent the growth of L. pneumophila. Most countries set cold water 
temperature requirements as well as hot water temperature requirements for the water heater, 
the return loop and the points of use. EWGLI recommends that the total volume of the storage 
tank needs to be heated up to 60°C for at least an hour a day or a week, depending on the risk. 
It should be possible to achieve a temperature of 70°C at every tap. Cold water temperature 
should be kept lower than 25°C. The temperature at the end of the circulation system cannot be 
more than 5°C lower than the supply temperature at the storage tank. The code in China states 
that the system’s hot water storage device shall be designed to operate at 60°C and that water 
temperature in all distribution pipework shall be at least 50°C. Other standards (like ASHRAE) do 
not provide a large amount of guidance on either water treatment strategies or temperatures, 
except temperatures mentioned in the draft BSR/ASHRAE Standard 188P, which have however not 
been included in ASHRAE Standard 188. 
2.3.1.1 Comparison with other references 
Many of the published guidelines and standards are not necessarily evidence-based. That is why, 
for each common item that has been identified, references to scientific (clinical) studies that 
support the importance of these items are given, if available. The precision, accuracy and 
effectiveness of ways to estimate the risk of higher Legionella numbers have only rarely been 
empirically assessed in practice, although there is a broad consensus about the impact of these 
risk factors [71]. 
Avoiding and monitoring problematic locations in the system 
The article of Harper (1988) [23] deals with the engineering implications of Legionnaires’ Disease 
outbreaks. The aim of the article is to set out steps that might be taken when a hospital outbreak 
occurs and a water system is identified as the source. Results are based on case study experience. 
Cabanes et al. (1995) [29] presented preliminary data concerning a method of risk assessment of 
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a water distribution system in France and emphasize the lack of data (especially in France) 
regarding risk evaluations of the development of Legionella in individual hot water supply 
systems. Ha et al. (2006) wrote a combined biological/engineering article dealing with an 
outbreak in Pas-de-Calais (France) [43]. Frayne [50] discusses the need for, and the use of, active 
monitoring, control, and management of waterside environments in cooling, heating, and potable 
water systems. Blanky et al. (2015) [58] wrote a combined biological/engineering article dealing 
with monitoring the presence of Legionella from potable water to treated greywater. Vance 
(2015) [60] researched the ecological niche of Legionella, the diagnosis of human infection, and 
its isolation from the environment. 
Avoiding water stagnation points in the system 
Stagnation within water systems has been cited by numerous authors as a condition that favours 
Legionella replication [72], [73]. However, the effect of low-flow conditions on the presence of 
L. pneumophila in a water system has not been scientifically evaluated [74]. Völker et al. [71] 
found by logistic regression modelling that occurrences of L. pneumophila (> 100cfu/100ml) at 
single outlets were significantly correlated with three parameters: (1) temperature after flushing 
until no significant changes in temperature can be obtained (temperature in the circulation 
loop/boiler); (2) stagnation (low withdrawal, qualitatively assessed); and (3) pipe length. They 
also predicted the impact of each variable on the Legionella infection risk. 
Appropriate temperature management to prevent growth 
Multiplication of L. pneumophila is dependent on the water temperature. This relationship has 
been found by studying L. pneumophila bacteria in laboratory conditions [1]. At temperatures 
below 20°C, the bacteria become dormant but remain viable for months. The bacteria grow best 
at temperatures between 20°C and 45°C with an optimum range around 35°C-41°C. Beyond 45°C, 
pasteurization starts and higher temperatures will eventually kill the organism. The time needed 
to double the number of L. pneumophila cells in water is less than half a day at 41°C, and at 70°C, 
90% of L. pneumophila in water die in less than a minute. 
Spinks et al. [45] investigated the health risks using harvested rainwater in DHW systems and 
found the range from 55°C to 65°C was critical for effective elimination of enteric/pathogenic 
bacterial components, supporting the thesis that hot water systems should operate at a 
minimum of 60°C. 
2.3.2 Differences in current regulations 
Notwithstanding the multiple similarities, it can also be noted that current Legionella regulations 
and guidelines have some differences. First, the target group is often very specific. A large 
proportion of documents is applicable to a limited group of buildings, namely health care 
facilities or cooling towers. In health care facilities, the risk of infection is higher due to user’s 
age and health status. Furthermore, the typical type of hospital system is a circulation system, 
which is more vulnerable to Legionella infection. Other services, such as collective DHW systems 
in sport centers or apartment buildings, are often not part of the guidelines or regulations; only 
sufficiently high temperature should be maintained in their storage tanks. This, at least, is 
remarkable because the European Union (EWGLI) sets no restrictions on public establishments 
and their measures are valid for both cold and hot water installations. 
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Secondly, the definition of what constitutes a dangerous Legionella concentration level varies 
between countries. EWGLI demands different measures for concentrations between 1 000 and 
1 000cfu/l and more than 10 000cfu/l. European countries are not obliged to follow the critical 
concentrations set by EWGLI, which results in differences between countries. The defined critical 
concentration limit is lowest in The Netherlands (100cfu/l for priority institutions). In neighboring 
Belgium, a similar device (e.g. in a hospital) should be closed to use after repeated occurrences 
of 10 000cfu/l in the installation. A factor 100 difference is at least remarkable in a period of ever 
increasing integration of European legislations. Most non-European documents (like ASHRAE) do 
not include critical levels, nor do they provide a large amount of guidance on testing limits. 
Finally, most guidelines and regulations talk about Legionella in general, but if L. pneumophila is 
what is actually meant, this could be specified in future updates and unification of the guidelines. 
2.3.2.1 Comparison with other references 
Although there is no information available on the infective dose for humans, it can be assumed 
to be low for susceptible people, as illnesses have occurred after short exposures and at three 
km or more from the source of outbreak. The likelihood of illness depends on the concentration 
of Legionella in the water source, aerosol production and dissemination, host factors (e.g., age 
and pre-existing health conditions) and the virulence of the particular strain of Legionella. At the 
same time, it has to be recognized that most exposures do not cause illness [6]. 
2.4 Discussion  
Comparing frameworks can be a first step on the path to future unification of Legionella 
regulations. Current regulations involve a wide range of climatologic circumstances. Still, the 
same measures are recommended in different environmental circumstances worldwide, because 
it is the characteristics of the DHW system that dominate over different climate conditions. 
Clearer and more uniform and unambiguous regulations will facilitate their implementation. 
Finally, we can ask the question: “Do we have clear, uniform and unambiguous Legionella 
guidelines and regulations?”. The answer is obviously that we do not. However, despite different 
regulatory frameworks, there is a broad unification of principles. 
2.5 Future research on Legionella regulations 
This chapter documents a broad summary of how various authorities worldwide deal with 
Legionella prevention and infection through the use of different standards, guidelines and 
recommendations. Comparative analysis is a good starting point for reaching future unification 
of the different regulatory frameworks. The current guidelines and standards are not the clearest 
or most uniform or unambiguous, but the underlying principles are already broadly unified. In a 
global market, it should thus be possible to reduce the number of guidelines, standards and 
regulations so that more unified documents can be created without losing important country-
specific nuances. 
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In the future, with the aim of more energy-efficient building in mind, the question of whether we 
can reduce temperature for hot water production for certain periods of time will be raised. 
Simulating L. pneumophila growth (Chapter 3) can ultimately result in a more accurate prediction 
of bacterial concentration and based on that gain in knowledge, energy-saving alternatives can 
be researched. As such, L. pneumophila simulation can provide a firm scientific base for updating 
existing standards and guidelines.
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Abstract 
The energy needed for the production of domestic hot water (DHW) represents an important 
share in the total energy demand of well-insulated and airtight buildings. DHW is produced, 
stored and distributed above 60°C to kill Legionella pneumophila. This elevated temperature is 
not necessary for DHW applications and has a negative effect on the efficiency of hot water 
production units. 
In this chapter, system component models are developed/updated with L. pneumophila growth 
equations. For that purpose different existing Modelica pipe and boiler models are investigated 
to select useful models that could be extended with equations for simulation of bacterial growth. 
In future research, HVAC designers will be able to investigate the contamination risk for 
L. pneumophila in the design phase of a hot water system, by implementing the customized pipe 
and boiler model in a hot water system model. Additionally it will be possible, with simulations, 
to optimise temperature regimes and estimate the energy saving potential without increasing 
contamination risk.  
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3.1 Introduction 
3.1.1 Motivation 
Domestic Hot Water (DHW) is an important part of building services in residential building 
typologies such as dwellings, apartments, hotels, retirement homes, as well as in sports facilities, 
hospitals, spas etc. [8]. 
Insulation levels and air tightness of building envelopes have been improved due to the 
tightening of energy performance requirements for buildings. The production of DHW, which has 
seen comparatively little innovation, now represents an important share of total energy demand 
of well-insulated and airtight buildings [10]. On average, about 800kWh per occupant per year is 
the net energy needed for DHW production [230]. For a dwelling with a floor area of 170m² and 
3.5 occupants [10], [231], this amounts to 15kWh/m² a year. This is the blue bar in Figure 3.1. As 
can be seen in Figure 3.1, the total heating demand for buildings built before 1984 (in Germany) 
is 225kWh/m² a year, this means the energy needed for DHW accounts for about 6% of household 
energy costs, while for passive buildings this is about 50%. Additional to the rising DHW energy 
use in moderate or cold climates, warm climates have a limited heating demand which makes 
the relative share in DHW energy demand equally large or even larger [232]. 
Hot water energy demand remained unchanged over the years, while projected energy 
performance requirements for 2020 state to reduce the total energy demand for heating, cooling 
and DHW production to 1/3 of what they were in 2006. 
 
Figure 3.1 Comparison of heating demand (ventilation, transmission and DHW) for buildings of different age 
and energy efficiency level. The comparison is based on a one-family house of 150m² (A/V=0.84) with three 
to four occupants in Germany (adapted from [10]). 
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Transmission heating demand (losses through the building envelope)
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3.1.2 Problem statement 
One of the main reasons for the high energy demand is that DHW is produced, stored and 
distributed at temperatures above 60°C to mitigate the risk of decontaminating the DHW system 
with L. pneumophila. These bacteria cause, upon exposure, acute respiratory disease or severe 
pneumonia. At temperatures above 60°C, L. pneumophila growth is stopped and remaining 
bacteria are killed. 
For most of the DHW applications, like taking a shower or washing hands, temperatures of only 
30-40°C are required. This disparity (between 60°C and 40°C), doubles the temperature 
difference between DHW system and environment (around 20°C), which has a negative effect on 
distribution heat losses and on the efficiency of DHW production units such as heat pumps. With 
the aim of more energy-efficient buildings in mind, a straightforward strategy is to reduce 
temperature for hot water production whenever possible (for certain periods). For that purpose, 
the growth of L. pneumophila in systems needs to be known. 
Simulating L. pneumophila growth in DHW systems will result in a more accurate prediction of 
the concentration of L. pneumophila in systems, which makes it possible to investigate energy 
saving alternatives without increasing contamination risk. 
3.1.3 State of the art 
The 60°C temperature limit has been established by investigating the growth dynamics of 
L. pneumophila bacteria in lab conditions and studying infected cases [1]. No previous research 
has been published on modelling L. pneumophila on DHW system level from a combined 
engineering-biological point of view. Recent studies focus on the survival of Legionella bacteria 
and amoeba in biofilms [16], [14]. Other research projects look at the exposure mechanics once a 
system is contaminated [17], [18] or focus on the influence of tubing material [19] etc. The 
literature about decontamination strategies for contaminated systems is similarly scattered as 
that on the proliferation of Legionella, usually focusing on a single decontamination technique 
and tested in limited lab configurations or in case studies [20]. The limitations of these studies 
are summarized in Decontamination of Biological Agents from Drinking Water Infrastructure [21]. 
Other papers focus on the effect of these techniques on biofilms [22]. Reports from infection 
cases demonstrate that popular decontamination strategies such as applying thermal shock or 
chlorination often only have a temporary effect. After returning to normal use, Legionella growth 
resurfaces, probably due to flow stagnation or biofilm residue. So far, accurate information on 
how to incorporate dynamic temperature profiles, piping design or DHW use profiles in a risk 
assessment is not available, limiting design options for DHW systems and forcing the available 
standards to require high temperatures continuously. This is reflected for example in the REHVA 
(Federation of European Heating, Ventilation and Air Conditioning Associations) handbook on 
Legionella mitigation. Although a lot is known about the growth dynamics of Legionella, and 
advances have been made in hydronic modelling allowing accurate prediction of the dynamic 
flow conditions (temperatures, velocities, pressures) in DHW systems [233], both need to be 
combined in order to be able to assess the L. pneumophila decontamination risk on system level 
[234]. 
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3.1.4 Scope 
To build a simulation model, the possibilities to model L. pneumophila growth in water and 
biofilm are investigated, and applied to pipe and boiler models.  
In the first part of the chapter, the theory, important to understand the simulation model, is given. 
This includes the explanation of L. pneumophila growth in water and in biofilm and ends with a 
figure of both growth curves, based on literature review data. Next, the theory section is 
translated into a model, by curve fitting of the measurements figure into temperature dependent 
growth equations. Mass conservation equations are given for a typical pipe and storage tank 
component. Further, existing Modelica pipe and storage tank components are compared and the 
most suitable one is chosen and adapted by adding the growth equations. The chapter ends with 
a proof of concept in which the models are used to simulate a simple DHW system. 
3.2 Methodology 
A DHW system is composed of different components, for example pipes, a storage tank, a heat 
exchanger, an expansion vessel and taps. In this chapter, system component models are 
developed/updated with L. pneumophila growth equations. Based on water volume, the main part 
of the system consists of piping and in most cases a storage tank. For that purpose different 
existing Modelica pipe and boiler models are analysed to select useful models that could be 
extended with equations for simulation of bacterial growth. After selecting useful pipe and boiler 
models, these component models are chosen to be the first to be adapted with the 
implementation of the L. pneumophila model, as growth and exchange take mainly place in these 
components. The following paragraphs will show how the chosen pipe and boiler model is 
adapted. However, following the same logic, other Building Fluid elements for modelling 
thermohydraulic systems (e.g. expansion vessel, pump, heat pump) can also be easily upgraded 
in the same way to include L. pneumophila growth equations. 
The benefit of modelling L. pneumophila growth in an existing pipe component model is the ease 
of compiling simulation models of different systems later on by dragging and dropping the 
different DHW components (which already include bacteria growth equations) into the system 
model. 
 In future research, the customized pipe and boiler model can be implemented in a hot water 
system model. This will make it possible to investigate the contamination risk for L. pneumophila 
in the design phase of a DHW system, while keeping an equilibrium between healthy buildings 
and energy efficiency, without compromising on health. Additionally it will be possible, with 
simulations, to estimate the energy saving potential without increasing contamination risk. 
The growth curves in the simulation components are validated in this chapter based on literature 
data and the use of these components in different system simulation models will be preliminarily 
validated in Chapter 4 based on test rig and case study measurements. 
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3.3 Theory 
In literature, there are no previous attempts to model the dependencies between L. pneumophila 
growth and energy efficiency, probably because the topic requires a multidisciplinary approach. 
This is the first time, to the authors’ knowledge, a dedicated simulation model is made. The 
biological growth model is made up of a number of sub-equations: growth and transport of 
L. pneumophila in water, L. pneumophila growth in biofilm and bacteria transport between 
biofilm and water. 
To model the proliferation of L. pneumophila in water, it is modelled as a trace substance in 
different DHW components, for example a pipe and a boiler. Based on a literature review, the 
main parameters that have an impact on the multiplication of L. pneumophila bacteria are 
selected and added to the model as equations. This includes the equations of dependency 
between L. pneumophila growth, water temperature and flow conditions. 
3.3.1 Legionella pneumophila growth in water 
Multiplication of L. pneumophila is dependent on water temperature, volume flow rate, flow 
frequency, followed by nutrient availability [71]. At temperatures below 20°C, the bacteria 
become dormant but remain viable for months. The bacteria grow best at temperatures between 
20°C and 45°C with an optimum around 35°C-41°C. Beyond 45°C, pasteurization starts and higher 
temperatures will eventually kill the organisms [1]. This can be seen on Figure table3.2A and 
Figure table3.2B. Figure table3.2A is based on data from Yee and Wadowsky [65] from 
experiments on unsterilized tap water and Figure table3.2B is based on data from laboratory 
experiments [11], [12], [13], [66], and is consistent with field data [235]. On the x-axes, the water 
temperature in degrees Celsius can be seen and on the y-axes, in Figure table3.2A, the time to 
double the number of L. pneumophila (mean generation time) and, in Figure table3.2B, the time 
to reach 90% reduction in cells (decimal reduction time). Figure table3.2A shows that the time to 
double the number of L. pneumophila cells in water is less than half a day at 41°C and in 
Figure table3.2B it can be noted that at 70°C, 90% of L. pneumophila in water gets killed in less 
than a minute. The growth/death rate at any temperature is proportional to the number of living 




= 𝐴(𝑇) · 𝐶(𝑡) − 𝐵(𝑇) · 𝐶(𝑡) 
Number of cells: 𝐶(𝑡) = 𝐶0 · 𝑒
(𝐴(𝑇)−𝐵(𝑇))·𝑡 (3.1) 
With: 
 A(T) [-]  Growth function depending on water temperature, the species  
of the organism and the chemical nature of the water 
 B(T) [-]  Death function depending on water temperature, the species  
of the organism and the chemical nature of the water 
 C0  [cfu/m³] Start concentration of L. pneumophila in water entering the  
system 
 C(t) [cfu/m³] Concentration of L. pneumophila in water at time t 
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 dC(t)/dt [cfu/ m³·s] Change in concentration of L. pneumophila over time 
 t  [s]  Time 
 
Figure table3.2 A. An estimation of mean generation time (time to double the number of cells) of L. 
pneumophila in tap water [65], adapted from [1]. B. The change in decimal reduction time (90% reduction 
of L. pneumophila) with temperature (data from [66], data from [11], adapted from [1]). 
3.3.2 Legionella pneumophila growth in biofilm 
An uncritical natural concentration of L. pneumophila enters the building, if the conditions in 
these man-made environments are optimal for bacterial growth, it can reach dangerous 
concentrations. If L. pneumophila would appear only in water, it would be flushed out of the 
system during water use and would not have time to grow. However, DHW system components 
do not only contain water, but also biofilm (Figure 3.3). 
3.3.2.1 What is a biofilm? 
A biofilm is a slimy layer of microorganisms present inside for example water pipes. This layer 
can be as thin as a single cell attached to the surface (<5μm) and as thick as 1 000μm [83].  
Wherever there is water, biofilm growth can occur, for example in storage tanks, humidifiers and 
cooling towers. Biofilms can grow easily in DHW pipes since they provide a moist and warm 
environment for the biofilm to thrive. Modelling of the biofilm is important because 95% of 
L. pneumophila are biofilm-associated [84]. 
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Figure 3.3 L. pneumophila in water (blue contour) and L. pneumophila attached in biofilm (brown contour). 
The colors of these figures are used throughout the chapter to indicate in a quick visual way if a curve is 
obtained for water or biofilm. 
The biofilm structure is composed of a consortium of microbial cells that are attached to the 
surface (substratum) and associated together in an extracellular anionic polymer matrix [88]. 
The matrix is extremely hydrated (97% water) [89]. Micro colonies of bacterial cells encased in 
the extracellular anionic polymer matrix are separated from each other by interstitial water 
channels, allowing transport of nutrients, oxygen, genes and even antimicrobial agents [90]. 
Because of their dynamic character, biofilm communities can continuously change over time and 
space, providing better survival and growth of the associated microorganisms [87]. 
L. pneumophila bacteria attach to the biofilm because it consists of microorganisms that allow 
cells to adhere to the pipe surface. Generally, there are three distinct phases in the biofilm life 
cycle of L. pneumophila [88]: bacterial attachment to a substratum, biofilm maturation and 
detachment from the biofilm, which means dispersal in the bulk environment. 
3.3.2.2 Protective function of the biofilm 
The biofilm forms a protective layer for L. pneumophila that allows them to grow and multiply 
within the biofilm. First, several authors have reported that L. pneumophila bacteria living in a 
biofilm are more resistant to environmental stress and water decontamination treatments [19], 
[80], [106], [107], [108], [109], [110]. This means for example a better resistance to higher 
temperatures. Secondly, L. pneumophila is able to infect and replicate inside protozoans, which 
can survive as an intracellular parasite of free-living amoebae [89], [96], [97], [98], [99], [100]. 
Free-living amoebae are eukaryotic microorganisms that are commonly found in drinking water 
systems, and more specifically in biofilm. This association established between L. pneumophila 
and amoebae in biofilm in DHW systems indicates an increased health risk because amoebae 
provide an ideal growth environment making L. pneumophila bacteria more resistant to 
environmental stress and water decontamination treatment. 
3.3.2.3 Effect of temperature on Legionella pneumophila in biofilm 
Cervero-Aragó et al. [106] tested the effect of temperature on a L. pneumophila strain and two 
amoebae strains under controlled laboratory conditions. To determine the influence of the 
relationship between L. pneumophila and amoebae Acanthamoeba species and Acanthamoeba 
Castellani on the treatment effectiveness, inactivation models of the bacteria-associated 
amoeba were constructed and compared to the models obtained for L. pneumophila living freely 
in water. The thermal treatment was tested at four experimental temperatures: 50°C, 55°C, 60°C 
and 70°C, for various exposure times and applied to L. pneumophila under controlled laboratory 
conditions. Table 3 1 lists the results and the R² values which show the robustness of the 
regression models. 
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Table 3 1 Calculated time for a 4 log reduction of L. pneumophila serogroup 1 environmentally associated 
with Acanthamoeba Castellani CCAP 1534/2 and Acanthamoeba species 155 after the exposure to different 
temperatures (adapted from [106]). 
Calculated time to reduce 4 logs [minutes] 
Effect of temperature on free Legionella 
     L. pneumophila sg. 1 env (Axenic) 
Effect of temperature on amoebae-associated Legionella 
     L. pneumophila sg. 1 env - A. Castellani CCAP 1534/2 






















The results on top of Table 3 1 are comparable with the results of Figure 3.4 (blue curve). We are 
especially interested in the effect of temperature on L. pneumophila inside amoebae, this can be 
seen in Table 3 1. The effectiveness of the thermal treatment on the amoebae-associated 
L. pneumophila compared to L. pneumophila form was reduced. At 50°C, the L. pneumophila 
resistance was increased 14 to 18 times, and at 55°C it was increased 5 to 6 times. Thus, it seems 
that Acanthamoeba and A. Castellani strains are protecting L. pneumophila at temperatures 
below 60°C, but at higher temperatures, its protection decreases dramatically enormously [106]. 
Figure 3.4 shows the temperature dependent growth function of L. pneumophila in water (blue) 
and in biofilm (brown). The biofilm curve is an estimation established based on the review results 
of available literature [93], [106]. The study of Cervero-Aragó et al. [106] shows the time required 
to reach a 4 log reduction for the Axenic L. pneumophila sg 1, when L. pneumophila was associated 
with either Acanthamoeba or Acanthamoeba Castellani (in biofilm). The most negative data 
(slowest death rate) of the Legionella-amoebae association is plotted into the brown curve. There 
is no data available for the growth of L. pneumophila in biofilm between 20 and 35°C. However, 
it is known from literature that the multiplication rate of L. pneumophila, between 20°C and 
30°C, is higher if it is present in biofilm compared to water [93], but we cannot yet quantify it. 
Based on future biological research this part of the growth curve can be replaced at a later stage. 
 
Figure 3.4 Growth function of L. pneumophila in water (blue) [1] and in biofilm (brown) (assumption derived 
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3.4 Simulation and experiment 
3.4.1 Modelling of Legionella pneumophila in DHW components 
Figure 3.5 shows the modelling approach for L. pneumophila concentrations in pipe models and 




Figure 3.5 Concentration of L. pneumophila in water (blue) and biofilm (brown) of DHW pipe, shown as dual 
Control Volume (CV) scheme. 
 
 
Figure 3.6 Concentration of L. pneumophila in water (blue) and biofilm (brown) of DHW boiler, shown as 
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To model L. pneumophila growth in water in a pipe or boiler, equations need to be added to the 
hydraulic model. Following mass conservation equations, that predict L. pneumophila growth in 











+ 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 +




= 𝐶𝑖𝑛(𝑡) · 𝐴𝑖𝑛 · ?⃗?𝑖𝑛(𝑡) − 𝐶𝑜𝑢𝑡(𝑡) · 𝐴𝑜𝑢𝑡 · ?⃗?𝑜𝑢𝑡(𝑡) 
                                + 𝑉𝑝 · ?̇?(𝑡) + 𝑘𝑐 . 𝐴𝑏. (𝐶𝑏(𝑡) − 𝐶(𝑡))  (3.2) 
𝑄𝑖𝑛(𝑡) = 𝑄𝑜𝑢𝑡(𝑡) (3.3) 









 𝐴𝑏  [m²]  Surface between water and biofilm 
 C(t) [cfu/m³] Concentration of L. pneumophila in water at time t 
 Cin(t) [cfu/m³] Concentration of L. pneumophila in water entering system 
 Cout(t) [cfu/m³] Concentration of L. pneumophila in water leaving system 
 Cb(t) [cfu/m³] Concentration of L. pneumophila in biofilm at time t 
 Cprevious [cfu/m³] Concentration of L. pneumophila in water on previous timestep.  
Cprevious = Cb,0 on first timestep. 
 dC(t)/dt [cfu/m³·s] Changing concentration of L. pneumophila over time 
 kc  [m/s]  Mass transfer coefficient to calculate the mass transfer of 
L. pneumophila between water and biofilm  
 ?̇?(t) [cfu/m³·s] Change in concentration of L. pneumophila due to growth or  
    death 
 Qin(t) [kg/s]  Mass flow rate of water (containing L. pneumophila) entering  
system 
 Qout(t) [kg/s]  Mass flow rate of water (containing L. pneumophila) leaving  
system 
 T  [K]  Absolute temperature 
 t  [s]  Time 
 ∆𝑡 [s]  Timestep 
 Vp  [m³]  Volume of water in pipe or boiler 
 ?⃗?(𝑡) [m/s]  Mass-average velocity for multicomponent mixture 
 y  [s]  Multiplication time of L. pneumophila in water dependent on  
temperature 
 ρ  [kg/m³] Mass density of mixture 
To model L. pneumophila growth in biofilm in a pipe or boiler, equations need to be added to the 
hydraulic model in a similar way as for growth in water. Following mass conservation equations, 
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that predict L. pneumophila growth in the biofilm, need to be coupled to an existing pipe or boiler 
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= 𝐶𝑏,𝑖𝑛(𝑡) · 𝐴𝑏,𝑖𝑛 · ?⃗?𝑏,𝑖𝑛(𝑡) − 𝐶𝑏,𝑜𝑢𝑡(𝑡) · 𝐴𝑏,𝑜𝑢𝑡 · ?⃗?𝑏,𝑜𝑢𝑡(𝑡) 
                                          +𝑉𝑏 · ?̇?𝑏(𝑡) + 𝑘𝑐 . 𝐴𝑏(𝐶(𝑡) − 𝐶𝑏(𝑡)) (3.5) 
 𝑄𝑏,𝑖𝑛(𝑡) = 𝑄𝑏,𝑜𝑢𝑡(𝑡) = 0  (3.6) 









 𝐴𝑏  [m²]  Surface between biofilm and water 
 Cb(t) [cfu/m³] Concentration of L. pneumophila in biofilm at time t 
 Cin(t)    [cfu/m³] Concentration of L. pneumophila in biofilm entering biofilm 
segment 
 Cout(t) [cfu/m³] Concentration of L. pneumophila in biofilm leaving biofilm 
segment 
 Cb, previous [cfu/m³] Concentration of L. pneumophila in biofilm on previous  
timestep. Cb,previous = Cb,0 on first timestep. 
 dCb(t)/dt [cfu/m³·s] Changing concentration of L. pneumophila in biofilm over time 
 ?̇?𝑏(𝑡) [cfu/m³·s] Change in concentration of L. pneumophila in biofilm due to  
    growth or death 
 Qb,in(t) [kg/s]  Mass flow rate of water (containing L. pneumophila) entering  
biofilm segment 
 Qb,out(t) [kg/s]  Mass flow rate of water (containing L. pneumophila) leaving  
biofilm segment 
 Qb,in(t) [kg/s]  Mass flow rate of L. pneumophila entering biofilm 
 Qb,out(t) [kg/s]  Mass flow rate of of L. pneumophila leaving biofilm 
 Vb  [m³]  Volume of biofilm in pipe or boiler 
 𝑣𝑏⃗⃗⃗⃗⃗(𝑡) [m/s]  Mass-average velocity for multicomponent mixture 
 yb  [s]  Multiplication time of L. pneumophila in biofilm dependent on  
temperature 
As can be seen in Equation 3.6, mass flow between different biofilm segments is not taken into 
account. 
3.4.1.1 Determining multiplication time (y and yb) 
The rate of increase of L. pneumophila is temperature dependent. Because it is necessary to know 
the growth rate at every timestep, a function is created in Modelica which returns the growth 
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rate y and yb. Growth coefficient y is a time constant [s] to predict growth or death of 
L. pneumophila in water. y in Equation 3.4 is dependent on water temperature T in the pipe or 
boiler component. Equations of y are made for L. pneumophila in water, based on a function that 
fits a polynomial through the defined points in Modelica, i.e., a vector containing temperature 
points and a vector containing the corresponding concentration of L. pneumophila. The points are 
coming from the curve presented in literature in Figure 3.2A and Figure 3.2B., used with an 
interval of 1K as shown in Annex 3B Table A3.1. Growth coefficient yb is a function 
to predict growth or death of L. pneumophila in biofilm. yb in Equation 3.7 is dependent on water 
temperature T in the pipe or boiler component. Growth coefficients are added for growth of 
L. pneumophila in biofilm based on the results of Cervero-Aragó [106]. Equation A3.2 shows the 
equations of yb for L. pneumophila in biofilm, based on piece-wise fitting of the curve in 
Figure table3.2A (growth) and measurement points presented in literature and Table 3 1 (death). 
A third degree piece-wise polynomial fitting technique (cubic hermite spline) was chosen in 
Modelica for constructing a smooth curve through the defined points. In total four different 
functions were developed: a separate function for the L. pneumophila growth and death, each of 
them for L. pneumophila in water and for L. pneumophila in biofilm. Several approaches have 
been tested, the current approach seems to have the fewest drawbacks. The flexible use of the 
models is the reason to chose the current approach. The advantage of using this approach, is that 
the user can easily adapt each curve based on his own measurement points or new findings, or 
for another type of bacteria. 
3.4.1.2 Parameter Vb 
The parameter Vb in Equation 3.5 needs some more explanation. One of the difficulties arising 
when taking the biofilm roughness into account is that a water pipe may be smooth on 
installation and then progressively acquires a layer of calcium compounds which make the 
surface rough and facilitate the growth of biofilm. The predicted human contamination risk needs 
to be as low as possible, that is why the most negative situation is modelled (biggest system 
contamination risk). For this purpose, a fully developed biofilm is taken into account in the 
simulation models. The volume of biofilm is a percentage of the pipe volume. This can be updated 
later on in function of the pipe diameter. Although this simplification is made, it is important that 
the chosen pipe and boiler models take material roughness into account, in this way the current 
simplification can be updated by making biofilm thickness function of the pipes roughness/pipe 
material. This will be done in Chapter 4 Section 4.4.2.3.  
3.4.1.3 Parameter K 
At certain critical temperatures, there is an unlimited increase of L. pneumophila concentration 
in Equation 3.1 where in reality after a while a stabilization in concentration will be noticed. This 
occurs because the system can only hold as many L. pneumophila bacteria as nutrients and 
oxygen can support. To take nutrients into account, parameter K, the carrying capacity, is added 
to the mass conservation equation [236]. It can be modelled with the Verhulst-Pearl logistic 
equation, that is sigmoidal (S-shaped) and reaches an upper limit at K. K is the maximum 
concentration of L. pneumophila that oxygen and nutrients can support. L. pneumophila 
concentrations above K decline exponentially until they reach the stable equilibrium K [70] 
(Equation 3.8). The definition of A(T), B(T) (Growth/death function depending on water 
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To find the most suitable pipe and boiler component for this simulation purpose, a comparative 
study is performed within the Modelica environment. First of all, a suitable simulation 
environment and libraries are chosen. Subsequently, an adequate pipe and boiler component is 
chosen. 
3.4.2 Modelica simulation environment 
Within the scope of this work, following criteria were considered in first selecting the simulation 
tool and secondly the components. These criteria are requirements for the L. pneumophila growth 
model. 
This is the first work to the authors’ knowledge that models L. pneumophila in DHW systems. This 
means assumptions need to be made for some biological parameters. As more biological research 
on these parameters is needed, this simulation model can be considered as a framework for other 
researchers to overwrite the assumptions. Therefore the modelling language should be open 
source and it should be possible to adapt the code easily.  
The goal is to have one tool that is flexible and that can be used for multiple scales, from a whole 
building’s DHW system to L. pneumophila growth in a small water/biofilm segment, and in 
multiple contexts, from design to decontamination. Having a large number of different tools 
work together in such conditions is generally perceived to be much less stable. Additionally, it 
requires the users to be acquainted with all different simulation packages and is less flexible 
towards extensions of the model to other situations. 
Other boundary conditions are: 
 The model will be used in simulations of the DHW system of a building as a whole or 
as a part of it. It is not necessary to model the building’s envelope and other 
installation. 
 The modelling tool has to estimate short-term L. pneumophila growth (water usage is 
second based), as well as long-term growth (effect of number of heat shocks). In other 
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words, it should be able to do a non-steady calculation of the building’s DHW system 
for one day to one month (timestep of 0.1-1 second). 
 The simulation tool has to be fast, the calculation of L. pneumophila growth combined 
with one retrofitting option for a case study apartment building (of 200 apartments) 
with collective DHW system should be performed in maximum 24 hours. This is 
necessary to use the simulation model in decontamination consultancy, where time is 
crucial. 
 It should be possible to perform the calculations on a ‘standard’ laptop (8GB RAM - 
CPU 2 cores - 2.67 GHz). This is necessary to guarantee a broad use of the simulation 
model in design and decontamination consultancy. For complex systems, an exception 
can be made. 
To meet these requirements, the simulation model is written in the Modelica language and 
compiled in the Dymola environment [237]. This equation based programming language is non-
proprietary and object oriented. It also contains different existing libraries, hydraulic as well as 
biologic, making it appropriate for the development of multi-scale (thermohydraulic and 
biologic) models such as are required here. This work adds to the capabilities of the Modelica 
models by providing a biological growth library that was not available before. Modelica’s open 
source and modular structure will allow users to use this library to model similar biological 
growth problems in all kinds of applications. 
Extensive libraries for simulation of buildings and their services have been developed in IEA EBC 
Annex 60 [238]. The Annex 60 integrated core libraries are compatible with other Modelica 
building energy simulation libraries. For this study existing pipe and boiler models of the 
standard Modelica (3.2.1) library and of two libraries developed in Annex 60, namely OpenIDEAS 
(0.3.0) library and integrated Buildings (3.0.0) library, are compared because all three libraries 
contain building as well as system component models for energy performance simulation [239], 
[240]. 
3.4.3 Comparison of pipe and boiler models in Modelica 
There are a number of parameters necessary for modelling bacteria growth. The parameters are 
divided into three categories, namely the three conservation equations: mass conservation 
(differential continuity equation, Equation A3.33), momentum conservation (Newton’s 2nd law of 
motion, Navier-Stokes equation, Equation A3.34) and energy conservation equations (Equation 
A3.35). It is studied how the existing models deal with these conservation equations. The 
conversion from the general form of the conservation equation to the equations with parameters 
used in the Modelica simulation environment can be found in Annex 3E. When referring to 
different parameters below, the parameter names defined in Modelica are used. 
To select the pipe and boiler models, following assumptions were made. First of all, the pipe 
model has to be a 1D flow model, this means that the velocity component in the x-direction 
dominates the flow, meaning the velocity components in y- and z-direction is negligible, allowing 
the equations to be transformed to 1D. This means that CFD-models are not considered. The 
second assumption made is that water is incompressible. 
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The mass conservation parameter ‘trace substances’ indicates if the existing pipe component 
contains certain flow equations that make it possible to add substances to water. This is the most 
important parameter related to the addition of L. pneumophila, this is the parameter the growth 
equations need to be coupled with. 
Momentum conservation parameter ‘gravity’ defines if the pipe can be used in all directions 
(vertical/horizontal). A pipe model without inclusion of gravity can only be used horizontally, 
except if the gravity equation is overruled by the pressure drop. ‘Pressure drop’ inclusion is 
important because it influences the fluid flow, which in return influences mass transfer between 
biofilm and water. The momentum conservation parameter ‘state of the flow (laminar/turbulent)’ 
is a meaningful parameter for the purpose of this research because L. pneumophila growth is 
flow dependent, as this influences the amount of bacteria attaching to and detaching from the 
biofilm into the bulk liquid phase. Momentum conservation parameters like ‘friction’ and 
‘material roughness’ are important parameters in a pipe component because these parameters 
influence the amount of biofilm formation. 
Energy conservation parameters, for example the possibility to add a ‘heat source’ and 
‘insulation’, are meaningful parameters to take into account. They assure that the pipe and boiler 
can be used in as many system configurations as possible. ‘nNodes’ means that the pipe can be 
divided into a predefined number of volume segments. ‘Heat exchange’ is the exchange of heat 
with the environment. This is an important part of the model to match real conditions as it 
influences water temperature, which in its turn affects the growth or death of L. pneumophila 
bacteria. 
It is not necessary to add other new parameters for bacteria growth to the momentum and 
energy conservation equations, such as the parameter for L. pneumophila growth added to the 
model in the mass conservation equation. However, it is necessary to compare the inclusion of 
these parameters in the different models because they are of interest for the growth equations 
and mass transfer between water and biofilm (Equation 3.2 and Equation 3.5). For example, the 
volume of the biofilm changes according to the material roughness. So material roughness 
should be accessible as a parameter in the chosen pipe and boiler model. 
3.4.3.1 Comparison of pipe models 
Existing pipe models were compared based on the above parameters necessary for modelling 
bacteria growth and that may or may not have been taken into account in the conservation 
equations in the existing component models.  
By comparing these parameters, the existing pipe models that can be extended with equations 
for simulation of bacterial growth in DHW are selected.Table 3.2 gives an overview of all selected 
existing pipe models (ranked according to the library to which they belong) and the presence of 
the necessary parameters. If the parameter is indicated by ‘1’ (green) it has been taken into 
account, if it is indicated by ‘0’ (red), the parameter is not part of the existing model. 
Out of the comparison of the different pipe models in Table 3.2, the authors chose to adapt the 
‘Pipe’ model from the Buildings (3.0.0) library because the most important parameters are taken 
into account in the model. Gravity equations are missing from this Pipe component, these can be 
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added in a similar way as in the Dynamic pipe model. However, it needs to be mentioned that the 
influence of adding this parameter is small because for DHW applications, flow is dominated by 
pressure by using a pump (parameter: pressure drop). Three other pipe models are suitable for 
the authors’ applications: Dynamic pipe, Insulated pipe and Pipe insulated. The reason not to 
retain them is described in Annex 3D. 
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3.4.3.2 Comparison of boiler models 
Next to pipe models, existing boiler models were compared based on the parameters for bacteria 
growth modelling. In case of boilers an additional parameter which is important for modelling 
the growth and displacement of L. pneumophila is ‘stratification of the boiler’.  
Table 3.3 gives an overview of all selected existing boiler models, the library to which they belong 
and the presence of the necessary parameters. If the parameter is indicated by ‘1’ (green) it is 
taken into account, if it is indicated by ‘0’ (red), the parameter is not part of the existing model. 
Out of the comparison of the different boiler models in Table 3.3, the 
‘StratifiedEnhancedInternalHex’ boiler model, of the Buildings library 5.0.1, is chosen as most 
suitable for the authors’ applications because it meets most of the requirements and is a 
stratifying boiler. As well as the Pipe model, it contains a Mixing Volume component which will 
be used to implement the growth equations (see Section 3.5). Reasons why not to retain certain 
other models are mentioned in Annex 3D. 
Other DHW components, like heat exchangers, expansion vessels, water softeners etc. are not 
included in this chapter, but the modelling approach is similar. 
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3.5 Implementation of Legionella pneumophila equations 
3.5.1 Medium with Legionella pneumophila and nutrients 
Modelica has a modular approach, meaning that a whole DHW system is modelled by connecting 
several components. A Medium flows through the different components. The Buildings Fluid 
components make use of a Mixing Volume, equivalent to a control volume (C.V.) with a 
replaceable Medium. For this application a new Medium is defined starting from the 
Buildings.Media.Water to which two trace substances are added, namely L. pneumophila and 
nutrients. By doing so, two additional mass conservation equations are added. This updated 
Medium has to be used in every component of the simulated hydraulic system. 
3.5.2 Modelica library with Legionella pneumophila growth and nutrients models 
However, the addition of two trace substances (L. pneumophila and nutrients) to the Medium 
water are not sufficient to calculate the L. pneumophila concentration in a hydraulic system as 
the growth and mass transfer equations (Equation 3.2, Equation 3.5) are not included. 
Therefore, a new library is developed consisting of new functions, models and extended 
components to predict L. pneumophila growth. Equations have to be added to include the 
L. pneumophila growth in water/biofilm and the mass transfer between water and biofilm. To 
include the necessary equations, two new models are developed: one including equations for the 
concentration of L. pneumophila (upper icon highlighted in yellow in Figure 3.7 and Figure 3.8) 
and one including equations for the concentration of nutrients (lower icon highlighted in yellow 
in Figure 3.7 and Figure 3.8). By implementing the L. pneumophila and nutrients model as a partial 
model and by extending the original models of the component models, flexible use of the model 
is possible. Moreover, it is implemented in such a way, that computation of L. pneumophila could 
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be conditionally disabled. Additionally, in case the user wants to calculate more or other 
concentrations, equations could be added in the same way. 
3.5.2.1 Pipe model implementation 
Figure 3.7 shows the modification of the customized Pipe model from the Buildings (3.0.0) library. 
Figure 3.7A demonstrates the visual representation of the customized pipe element (icon view). 
The brown rectangles visually represent the addition of biofilm and the black circles the 
exchange of bacteria between biofilm and water. Figure 3.7B, showing the diagram view of the 
pipe, illustrates how the original Pipe model is adapted to include the thermohydraulic and 
biologic equations. As can be noticed, the new L. pneumophila and nutrients models described 
above are added to the pipe model of the Buildings Fluid library. These models contain 
Equations 3.2-3.8. For someone unfamiliar with the Modelica modeling software, an explanation 
of each symbol used in Figure 3.7B is given in Annex 3E Table A3.2. Additionally, an explanation 
of each equation used behind Figure 3.7B and the conversion from the theoretical continuity 
equation to the implementation of equations in Modelica is given in Annex 3C and Annex 3E. 
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Figure 3.7 Customized Pipe model with addition of L. pneumophila growth equations A. Modelica icon view. 
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3.5.2.2 Boiler model implementation 
In the Buildings Fluid library, three model components are combined to make the 
StratifiedEnhancedInternalHex model, of which the second component is extended from the first, 
and the third from the second. As merely the second and third component are used, the second 
component is adapted, and automatically the third component is adapted as this extends from 
the second one. 
The modification of the retained StratifiedEnhancedInternalHex model (third component) from 
the Buildings (3.0.0) library can be seen in Figure 3.8. Figure 3.8A shows the visual representation 
of the customized model (icon view). The brown rectangles visually represent the addition of 
biofilm and the black circles the exchange of bacteria between biofilm and water. Figure 3.8B 
shows the thermohydraulic and biologic adaptation of the retained boiler model. Equations 3.2-
3.12 are written in this model (in yellow). Figure 3.8B is explained in more detail in Annex 3E 
Table A3.2. Additionally, an explanation of each equation used behind Figure 3.8B and the 
conversion from the theoretical continuity equation to the implementation of equations in 
Modelica is given in Annex 3C and Annex 3E. 
 
Figure 3.8 Customized StratifiedEnhancedInternalHex boiler model with addition of L. pneumophila growth 
equations. A. Modelica icon view. B. Modelica diagram view with in yellow L. pneumophila growth equations 
(upper icon) and nutrients (lower icon). 
3.5.2.3 Computational costs 
To give an indication of how the inclusion of the L. pneumophila model in the pipe and boiler 
element affects the numerical efficiency of the Modelica models, several aspects, such as the 
number of variables, number of time and state events and CPU time, are compared in Table 3.4, 
Table 3.5 and Table 3.6. In Table 3.4 the pipe and boiler component are used with and without the 
addition of the equations to calculate the L. pneumophila growth. Equations are divided into 
nontrivial and trivial equations. Trivial equations are simple equations from which you can 
immediately find the unknown. For nontrivial equations, a more difficult solution method must 
be applied (e.g. an iteration method). In Table 3.5 and Table 3.6 the computational costs are 
presented for the pipe and the boiler component, more explanation to understand the simulation 
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log basics is given in Annex 3F Table A3.7. The required solver is Euler because of the use of spatial 
and time discretization in the growth models. The simulation parameters used are: 
 Solver    Euler (explicit) 
 Timestep    0.1s 
 Tolerance   0.0001 
 Number of pipe segments 2 
 Number of boiler segments 8 
Table 3.4 Statistical analysis of the pipe and boiler component model with and without L. pneumophila 
growth equations. 
Number of… Pipe model without 
Legionella 
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Legionella 
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Table 3.5 Comparison of computational costs of the pipe component model with and without L. pneumophila 
growth equations. 
Pipe model without Legionella Pipe model with Legionella 
CPU-time for integration 
CPU-time for one GRID interval 
Number of result points 
Number of GRID points 
Number of (successful) steps 
Number of F-evaluations 
Number of H-evaluations 
Number of Jacobian-evaluations 
Number of (model) time events 
Number of (U) time events 
Number of state events 
Number of step events 
Minimum integration stepsize 
Maximum integration stepsize 
















CPU-time for integration 
CPU-time for one GRID interval 
Number of result points 
Number of GRID points 
Number of (successful) steps 
Number of F-evaluations 
Number of H-evaluations 
Number of Jacobian-evaluations 
Number of (model) time events 
Number of (U) time events 
Number of state events 
Number of step events 
Minimum integration stepsize 
Maximum integration stepsize 

















Table 3.6 Comparison of computational costs of the boiler component model with and without 
L. pneumophila growth equations. 
Boiler model without Legionella Boiler model with Legionella 
CPU-time for integration 
CPU-time for one GRID interval 
Number of result points 
Number of GRID points 
Number of (successful) steps 
Number of F-evaluations 
Number of H-evaluations 
Number of Jacobian-evaluations 
Number of (model) time events 
Number of (U) time events 
Number of state events 
Number of step events 
Minimum integration stepsize 
Maximum integration stepsize 
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Number of result points 
Number of GRID points 
Number of (successful) steps 
Number of F-evaluations 
Number of H-evaluations 
Number of Jacobian-evaluations 
Number of (model) time events 
Number of (U) time events 
Number of state events 
Number of step events 
Minimum integration stepsize 
Maximum integration stepsize 
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3.6 Summary of simulation model assumptions 
Although fragmentary mentioned throughout the chapter, an overview of all simulation model 
assumptions is given below. 
3.6.1 Component models assumptions 
The three conservation equations are part of the DHW system component models (e.g., pipe, 
boiler): the law of conservation of mass (mass continuity equation), the first law of 
thermodynamics on energy conservation (energy equation) and Newton’s second law of motion 
(momentum theorem) with pressure loss calculated with the Swamee-Jain equation, which is 
based on the Colebrook-White equation. 
The L. pneumophila growth equations are added to the component models in the mass 
conservation equation. A dual control volume approach has been followed for water and biofilm. 
For the momentum and energy conservation equation, water and biofilm are considered as one 
node. This means that the temperature in the biofilm is assumed to be the same as the water 
temperature, which is correct for an insulated system. No separate velocity profile has been 
assumed in the biofilm. 
The pipe model used is based on the finite volume method. Every pipe component is subdivided 
in nSeg nodes. Perfect mixing of water is assumed in every node. Flow reversal (back flow) is 
taken into account in the pipe model, based on pressure differences. Advection is included in two 
directions.  
Diffusion between two water segments, in a pipe model and in between pipe models, is not taken 
into account in any Modelica pipe model as it is not part of the existing mass conservation 
equations in the underlying MixingVolume model in Modelica. It should be possible to add this in 
future, but as for now reuse of the L. pneumophila model in different existing system components 
is aimed for, meaning that it is necessary to use the existing mass conservation equation instead 
of replacing it in all components. Neglecting diffusion between different pipe segments can be 
done, as the model is used for systems with mainly continuous circulation, it is assumed that 
advection is much larger than diffusion. Only if stagnation occurs, diffusion can become 
important. Therefore an alternative T-section has been made to include diffusion from a distal 
pipe to the primary recirculation circuit. Diffusion between biofilm and water and thermal 
diffusion in the boiler are taken into account.  
3.6.2 Water assumptions 
The density of the medium is temperature dependent and the presence of L. pneumophila 
bacteria is not influencing the density of the mixture. 
Nutrients K are coupled to the mass conservation equation, meaning that they are distributed by 
water flowing through the system, but no growth or decay equations for nutrients are coupled 
to this mass conservation equation. Nutrients are considered to be present in excess. This 
assumption is correct for systems with regular use, because a stock of nutrients is continuously 
entering the system. In reality, if water would stand still for a very long time, there would be no 
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nutrient entering, meaning that L. pneumophila would die because of the lack of nutrients. 
However, literature confirms that L. pneumophila is found in systems without fresh nutrients 
after periods of two years [241], [242], [243]. If in future quantitative information on the relation 
between L. pneumophila and nutrients is available, it will be possible to add it to the model. 
However, in the current real system simulations with regular hot water use, the carrying capacity 
K is not reached by far, so a lower value of K would not change the results. In this case, the most 
critical situation is modelled. Additionally, no active movement of bacteria based on nutrients is 
taken into account, meaning bacteria are not moving to areas with higher nutrient 
concentrations. 
3.6.3 Biofilm assumptions 
A fully grown biofilm is taken into account. The biofilm thickness is a parameter that cannot be 
measured easily. Based on discussions with biofilm experts [244], a cut-off value for the 
thickness has been assumed (more information in Chapter 4 Section 4.4.2.3). The biofilm 
thickness is a function of the diameter of the pipe or boiler. The thickness of the biofilm is 
calculated based on the percentage of the volume. The biofilm thickness has been subtracted 
from the diameter to calculate the wall surface of a pipe or boiler. In the boiler, an extra condition 
has been added, namely that the thickness of biofilm on the bottom of the boiler is five times 
the thickness of the biofilm on the surface. If for a certain case the thickness of the biofilm would 
be known, it could be added to the model in one parameter. 
The spatial structure of the biofilm is not taken into account due to the lack of literature data. 
Local vortexes are not taken into account, as the mass transfer coefficient kc is fixed. The mass 
transfer coefficient kc between biofilm and water is function of the flow velocity and the 
concentration difference between biofilm and water. More information about calculating the 
mass transfer coefficient will be given in Chapter 4 Section 4.4.2.3. 
A biofilm is thicker in pipes with a larger diameter, this can be explained by the speed profile in 
a pipe. The surface biofilm area of the boiler does not include the area of the heating elements 
inside. The volume of biofilm is considered to be divided over the wall’s surface area. In future, it 
could be better to divide the volume over all surface elements. 
Flow in between different biofilm segments is not taken into account, as literature shows that 
biofilms formed above 37°C have no water channels within [91]. 
3.7 Result analysis 
3.7.1 Proof of concept - simple domestic hot water system configuration 
The Buildings (3.0.0) pipe and boiler model, with addition of L. pneumophila growth equations in 
water and biofilm, can now be used to build different DHW system configurations. The most 
simple system configuration is represented in Figure 3.9. This system contains a boiler with 
internal heat exchanger, the upper side of the boiler is connected to a pipe and a tap profile. 
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Figure 3.9 Simple DHW system with customized boiler and pipe components. 
Initial model values are assigned to the biological parameters based on measurements, 
calculations, material characteristics and review of available literature. These parameter values 
are displayed in Table 3.7. 
Table 3.7 Initial biological model parameter values. 
Component Modelling challenge Parameter Source for initial 
value 
Initial model value 







 Volume of biofilm Volume [m³] Literature review 
[244] 
Vtank/10 











 Volume of biofilm Volume [m³] Literature review 
[244] 
Vpipe/10 






















 Growth equation of 
Legionella in water 
[cfu/m³] Literature review [1] Water curve 
 Growth equation of 
Legionella in biofilm 




 Nutrients [cfu/m³ 
=> kg/m³] 
Literature review + 
measurements 
[272] 
3 500 000 
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The hydraulic parameters which need to be defined by the user, are the same parameters as in 
the standard Pipe and StratifiedEnhancedInternalHex boiler model. Default values for these 
parameters are suggested by the developers of the Modelica components. The following 
parameter conditions are chosen to run the simulation of the system presented in Figure 3.9: 
 length    20m   (Length of pipe) 
 diameter    0.05m   (Diameter without insulation) 
 dIns    0m   (Insulation thickness of pipe) 
 lambdaIns   0.026W/m·K  (Lambda value of insulation) 
 nSeg pipe   2   (Number of volume segments) 
 nSeg boiler   8   (Number of volume segments) 
 m_flow_nominal  0.0016kg/s  (Nominal mass flow rate) 
 dp_nominal   0.5Pa   (Pressure difference) 
The simulation setup is chosen as follows: 
 start time   0s 
 stop time   86 400s 
 integration algorithm  Euler (explicit) 
 integration tolerance  0.0001 
 timestep    0.1s 
The simulation output is the following: 
 Predicted L. pneumophila concentration in the pipe (pipe.vol[1].C) as in Figure 3.10 
(translated into Figure 3.11 and Figure 3.12), Figure 3.13 and Figure 3.14. 
 Predicted L. pneumophila concentration at the outlet of the pipe 
(pipe.port_b.C_outflow[1]) as in Figure 3.15. 
3.7.1.1 Verification exercise - reproducing growth time curves 
To verify the growth time curves as in Figure table3.2A (growth) and Figure table3.2B (death), a 
similar temperature profile is imposed on the simulation model, namely a production 
temperature linearly rising from 25°C to 80°C. The predicted L. pneumophila concentration in 
Figure 3.10 (concentration in function of temperature) is translated into Figure 3.11 (growth-time 
curves). The predicted L. pneumophila concentrations in Figure 3.11, by simulating the system of 
Figure 3.9, show similar behaviour as in Figure table3.2A and Figure table3.2B. The same can be 
noticed from the growth/death curves of L. pneumophila in biofilm (Figure 3.12) based on the 
results of Table 3 1. RMSE of around 0 and R² of around 1 (cannot be expressed more accurately 
as the authors do not have the measurement data behind the curves, except for the visual 
appearance) are achieved between measurement points (black line) and simulation results (blue 
dotted line) because the measurement points are the inputs used in the component models. 
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Figure 3.10 Predicted L. pneumophila concentration in pipe in function of boiler outlet temperature. 
 
 
Figure 3.11 A. Simulation of mean generation time (time to double the number of cells) of L. pneumophila in 
water at different temperatures (blue dotted line: simulation result, black line: measurements from 
Figure table3.2A). B. Simulation of the change in decimal reduction time (90% reduction in L. pneumophila 
in water) at different temperatures (similar to Figure table3.2B). 
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Figure 3.12 A. Simulation of mean generation time (time to double the number of cells) of L. pneumophila in 
biofilm (brown dotted line: simulation result, black line: measurements from Figure table3.2A). B. Simulation 
of change in time to reduce 4 logs with temperature. 
3.7.1.2 Sensitivity analyses 
The robustness of the adapted component models is tested by running some simulations on the 
simple system presented in Figure 3.9, to assess the influence of several variables on the growth 
of L. pneumophila. 
As seen before, L. pneumophila growth is dependent on temperature and mass flow rate. Figure 
3.13 shows the influence of the mass flow rate at a constant ideal growth temperature of 40°C. 
The biologic and hydraulic parameters are the same as before, only the mass flow rate is varied. 
A constant tap profile is implemented which is the same as the mass flow rate. Figure 3.13 shows 
the concentration of L. pneumophila in the pipe for different velocities. As described in Equation 
3.2, the concentration of L. pneumophila is determined by three processes: mass flow of water 
through the pipe (Qin(t)-Qout(t)), temperature dependent growth of L. pneumophila in water 
(?̇?(𝑡)) and mass transfer of L. pneumophila between biofilm and water (kc). The mass transfer 
coefficient, used to calculate the mass transfer between biofilm and water, will increase with 








 𝑐2  
). In case the velocity is zero or very small (1e-6, 
2e-6 and 2e-5kg/s), the concentration of L. pneumophila is mainly dependent on growth and mass 
transfer between biofilm and water. The influence of the incoming concentration (Cin(t)) (which 
is lower than the actual concentration in the pipe) is small. Compared to the case in which the 
mass flow rate is zero, a higher velocity (1e-6, 2e-6 and 2e-5kg/s) results in a higher mass transfer 
between biofilm and water, resulting in a higher concentration of L. pneumophila in the pipe 
(C(t)). In case the velocity increases further, at a certain moment the influence of the incoming 
water with a low concentration of L. pneumophila (Cin(t)) becomes dominant over the growth 
(?̇?(𝑡)) and mass transfer between biofilm and water (kc·Ab·(Cb(t)-C(t))). Consequently, the 
concentration in the pipe decreases with increasing velocity. It can also be noted that the curve 
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is the same in all simulations, but as the mass flow rate becomes higher, it takes more time to 
reach K. At low velocities, a small amount of fresh water with a low concentration of 
L. pneumophila enters the pipe. As the mass flow rate becomes higher, more fresh water enters 
the pipe. Consequently, the higher the mass flow rate, the longer it takes for the L. pneumophila 
bacteria to reach the carrying capacity K. Dependent on the mass flow rate, the carrying capacity 
is reached after 13 days or more. 
 
Figure 3.13 Influence of mass flow rate on L. pneumophila concentration at constant ideal temperature of 
40°C over 16 days of simulation. 
Figure 3.14 shows the influence of the insulation thickness on the temperature and the associated 
L. pneumophila growth over one day. Insulation is varied between 1cm, 2cm and 3cm, 
corresponding with a heat loss of the 20m long pipe of respectively 245W, 122W and 82W. The 
production temperature of the boiler is at constant 60°C, the temperature of the environment in 
the shaft is considered to be at 30°C and the mass flow rate is 0.0016kg/s. A constant tap profile 
of 0.0016kg/s is added. Less insulation allows a drop into the critical temperature range, 
stimulating L. pneumophila growth. As can be seen on Figure 3.14, when 1cm insulation is present, 
a leap in the concentration curve can be noticed, this is due to the transition at < 45°C, causing 
growth in water. At higher temperatures the growth that can be noticed is caused by bacteria 
that are still growing in the biofilm and the mass transfer between biofilm and water.  
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Figure 3.14 Influence of insulation on temperature and L. pneumophila concentration over simulation of 
24 hours. 
Also some numerical parameters are investigated. Figure 3.15 shows the influence of the number 
of pipe volume segments on the L. pneumophila concentration. The boiler production 
temperature is linearly ascending from 0 to 80°C (initial water temperature in pipe is 20°C). No 
pipe insulation is present. A variable tap profile is added, once every hour a tap with a duration 
of 10 minutes at a volume flow rate of 0.01l/s occurs. Pipe volume segments (length pipe/nSeg) 
are given lengths between 0.5 and 10m. The temperatures shown on the graph are the average 
temperatures in the first pipe segment. Only small differences in the results can be noted in pipe 
volume segment lengths up to 10m. The influence of the number of pipe volume segments on the 
L. pneumophila concentration results and on the calculation time is given in Table 3.8. 
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Figure 3.15 Influence of number of pipe volume segments on L. pneumophila concentration at different 
temperatures over 24 hours of simulation. 
Table 3.8 Influence of number of pipe volume segments on L. pneumophila results [cfu/l] and calculation 
time [s]. 
Length of segment [m] Number of segments CPU-time for integration [s] RMSE [cfu/l] 
10 nSeg=2 21.9 0.3916 
5 nSeg=4 39.2 0.1922 
2 nSeg=10 100.0 0.0651 
1 nSeg=20 201.0 0.02269 
0.5 nSeg=40 406.0 0 
 
Table 3.9 shows the influence of the chosen timestep on the results of the simple system model 
with a constant boiler production temperature of 40°C and no mass flow rate (stagnant water). 
No tap profile is added. RMSE [cfu/l] are calculated (compared with result of simulation with 
timestep of 0.001s). 
In the results negligible differences in the L. pneumophila concentrations can be noted for 
timesteps up to 100s. It should however be said that the timestep can have an important 
influence on other parameters such as temperature. Additionally, if tap profiles with smaller time 
periods are added to the model, the timestep should be smaller than the smallest duration of 
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Table 3.9 Influence of timestep [s] on L. pneumophila results [cfu/l] and calculation time [s] for a simple 
system model at a constant 40°C with stagnant water. 
Timestep [s] CPU-time for integration [s] RMSE [cfu/l] 
100 0.015 0.07365 
10 0.145 0.00737 
2 0.826 0.00144 
1 1.4 0.00073 
0.1 21.8 0.0001 
0.01 197 0.00006159 
0.001 1990 0 
 
Overall, the requirements set for the simulation model components are fulfilled. The combination 
of components can represent the DHW system of a building or parts of it. The modelling tool can 
estimate short-term L. pneumophila growth, as well as long-term growth (1s to 1 month). A 
timestep of 0.1-1s can be used and keeps the model fast enough. Higher timesteps up to 100s still 
produce sufficiently accurate L. pneumophila growth results in certain situations (e.g. stagnant 
water) and reduce the computation time by a factor between 100 and 1 500. It is possible to 
perform the calculations on a ‘standard’ laptop (8GB RAM - CPU 2 cores - 2.67 GHz). 
3.7.2 Taking it into practice 
This was a first proof of concept to show that the L. pneumophila growth equations can be 
implemented in existing simulation components. In Chapter 5, by further implementing the 
customized pipe and boiler model in more complex DHW system models, simulation results will 
allow to estimate the energy saving potential without increasing contamination risk. The 
questions that can be answered with the proposed simulation model are: 
 By how much can we lower the DHW production temperature without compromising 
on comfort requirements (by simulating distribution heat losses)? 
 Can we give a thermal shock of X°C every Y days during Z minutes to stay under the 
critical L. pneumophila concentration level and what are the X, Y and Z values for each 
case study DHW system? 
 How much can we lower the DHW energy demand by reducing temperature without 
increasing contamination risk? 
3.8 Discussion and conclusion 
After comparing different existing Modelica pipe and boiler models, those components are 
selected that are most compatible to the goals of this study and that could be extended to model 
L. pneumophila concentration in DHW. Simulation model components are developed/updated that 
allow to investigate the contamination risk for L. pneumophila in a DHW system. Some first proof 
of concept results are presented for a simple system application. Simulation of more realistic and 
extensive systems is part of Chapter 4, 5, 6 and 7. 
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The first proof of concept shows that the growth curves and equations can be translated into a 
dynamic simulation model responding to temperature and mass flow rate variations. The 
simulation results confirm that, if the mass flow rate is low, more L. pneumophila is present in 
the system, so stagnant areas are the most dangerous. Insulation should be added to the primary 
piping network to keep the temperatures out of the critical temperature range. 
Additionally to the system conclusions, some simulation conclusions can be drawn. The length of 
one pipe volume segment can be up to 10m. No significant differences in concentration are seen 
for smaller pipe volume segment lengths. The smaller the timestep the more accurate the results, 
although for a timestep of 100s or less sufficient L. pneumophila results are obtained in certain 
situations. 
The work performed in this chapter has some limitations. For example, a fully developed biofilm 
is taken into account, this can result in an overestimation of the predicted L. pneumophila 
concentration when the system is used for the first time. The volume of biofilm is taken into 
account as a percentage of the pipe/boiler volume. In Chapter 4, this current simplification will 
be updated by making biofilm thickness function of the pipe’s roughness and pipe sections (for 
example: more biofilm growth in pipe bends). It can also be an option in the future to take biofilm 
growth/decay (and its change in roughness) into account dynamically. 
The assumption that the temperature of the biofilm is considered the same as the water 
temperature causes a limitation. This assumption is correct for well insulated systems but will 
deviate in uninsulated or poorly insulated systems. 
The work performed in this chapter could also be expanded in some ways. Firstly, the component 
models are validated based on growth curves. These growth curves are however conceived in 
laboratory conditions. The model will need to be further calibrated and validated dynamically 
based on DHW system measurements. This will be done in Chapter 4. 
L. pneumophila transmission is caused by inhaling the aerosols from for example shower heads, 
however simulating the system contamination risk is chosen over modelling the risk of aerosol 
inhalation. It is necessary to tackle the system contamination risk first. If L. pneumophila is not 
present in the system, it will be impossible to get contaminated by inhaling aerosols. For use in 
exposure studies, a model for aerosol formation and inhalation risk could be added to create a 
tool chain that can take the complete exposure pathway into account. 
By developing a simulation model that allows assessing the contamination risk for 
L. pneumophila in the design phase of a DHW system under dynamic conditions, HVAC designers 
will first be able to thoroughly assess the contamination risk associated with their design and 
secondly to optimise the temperature regimes, choose better hydronic controls and reduce the 
energy demand for DHW production. 
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Abstract 
Collective domestic hot water (DHW) systems are often present in apartment buildings. Many of 
these existing collective systems are not optimally designed. Problems related to comfort or 
energy use often occur, such as stagnation of water, lukewarm water that should actually be cold 
or Legionella bacteria growth in the pipes. These problems may result in increased health risks 
and excess energy use. In existing buildings it is not easy to identify and solve these issues. The 
development of a system simulation model, in which improvement scenarios can be compared 
and quantified, based on health, comfort and energy use criteria, can help to propose the best 
possible renovation strategy for existing systems. Besides that, the model can help HVAC 
designers in the design phase to quantify and decrease the L. pneumophila contamination risk 
and energy use associated with a proposed building system. In this chapter, a simulation model 
developed in Modelica has undergone a preliminarily calibration and validation based on 
temperature, mass flow rate measurements (thermohydraulic validation) and L. pneumophila 
growth measurements (biologic validation). The measurements are performed in a full-scale test 
facility, in lab conditions at the BBRI, that represents a DHW system of an apartment building. 
L. pneumophila is added to the test facility in a controlled way and the evolution of 
L. pneumophila concentrations is monitored over time. The comparison between simulated and 
measured values shows a good fit of the calibrated model in comparison to standard acceptance 
criteria. RMSE-values between 0.51-2.15K, MBE-values between -0.010-1.199% and CV(RMSE) 
between 0.158-0.734% are achieved for the validation of the thermohydraulic system simulation 
model, with insulation, mass flow rate and cold water temperature as most sensitive model 
parameters. While for the L. pneumophila growth model RMSE-values between 435cfu/l and 
714cfu/l, MBE-values between -0.000527% and -0.11% and CV(RMSE) between 0.00069% and 
0.16% are achieved, with the volume of biofilm, mass transfer coefficient between biofilm and 
water and the growth equations for L. pneumophila in biofilm as most sensitive model 
parameters. 
At this stage, the model allows defining the best possible renovation strategy for existing 
systems, besides the model can quantify the L. pneumophila contamination risk associated with 




4.1.1 Background: domestic hot water energy saving versus Legionella 
pneumophila contamination risk 
Collective DHW systems are often present in apartment buildings. Many of these existing 
collective systems are not optimally designed [245]. Problems related to comfort or energy use 
often occur, such as stagnation of water, lukewarm water that should be cold or L. pneumophila 
bacteria growth in pipes. These problems may result in an increased health risk and excess energy 
use. In existing buildings it is not easy to identify and solve these issues. Whole Building Energy 
Simulation (BES) models can play a significant role in the design and optimisation of these 
building systems. 
Research about energy savings is mainly focusing on the building envelope (thermal insulation, 
air tightness), technical installations (ventilation, heating, cooling, renewable energy, energy 
recovery, water (re)use) and architectural design principles. Domestic Hot Water (DHW) 
production starts to represent an important share in the total energy demand of well insulated 
and air tight buildings. The total heating demand for buildings built before 1984 (in Germany) is 
225kWh/m² a year, this means the energy needed for DHW accounts for about 6% of household 
energy costs, while for passive buildings this is about 50%. On average, about 800kWh per 
occupant per year is the net energy needed for DHW production [230]. For a one-family house, 
with a floor area of 150m² (A/V=0.84) with three to four occupants (in Germany), this amounts 
to 15kWh/m² a year [9], [231], [246], [247]. This demand has remained unchanged over the years, 
while projected energy performance requirements for 2020 aim to reduce the total energy 
demand for heating, cooling and DHW production to a third of what it was in 2006 in new 
buildings (in Belgium). The impact of DHW production has become a dominant factor in the total 
energy demand of energy efficient buildings. 
One of the main reasons for this relatively high energy demand is that DHW is produced, stored 
and distributed at temperatures at or above 60°C to mitigate the risk of contaminating the DHW 
system with L. pneumophila, although for comfort and safety water temperatures of only 40°C 
are sufficient. L. pneumophila is a bacterium that causes pneumonia by inhaling infected aerosols 
coming from for example a showerhead. Above 60°C, L. pneumophila growth is stopped and 
remaining species are effectively killed. The 60°C temperature limit has been established by 
investigating the growth dynamics of L. pneumophila bacteria in laboratory conditions and 
studying contamination cases [11], [12], [13]. At these temperatures the DHW system is considered 
to be safe. Simulating L. pneumophila growth in DHW systems can be a firm and scientific base 
for new system design or renovation measures. In Chapter 3 [248], a model has been introduced 
to simulate L. pneumophila concentrations in DHW systems based on information on bacterial 
growth and decline, available in literature. Since most of this information is based on tests in 
laboratory conditions, it is necessary to validate the model using monitoring data obtained in a 
full-scale test facility. 
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4.1.2 Objectives 
The objective of this chapter is to preliminarily calibrate and validate a simulation model 
(developed in Chapter 3), predicting L. pneumophila concentration in DHW systems, in order to 
assess the contamination risk, whilst saving energy by reducing the water set point temperature 
to 45°C. The chapter is focusing on calibration and validation of the simulation model (both the 
thermohydraulic and biologic model) based on test facility measurements. 
Due to the complexity of DHW systems in combination with the biological growth of 
L. pneumophila bacteria and prevalence of large numbers of independent interacting variables, 
it is difficult to achieve an accurate representation of a real-world DHW system. Therefore, 
calibration is needed. By reconciling model outputs with measured data, more accurate and 
reliable results can be achieved. It is this reconciliation of model outputs with measured data 
that is known as calibration [249]. 
The chapter starts with background information on L. pneumophila in DHW systems (both in 
water and biofilm) (Section 4.2.1). Next calibration and validation assessment methods of 
simulation models are given (Section 4.2.2), the Modelica simulation environment is described 
(Section 4.3.1), as well as the calibration approach (Section 4.3.2). Afterwards the test facility and 
its components, used for calibration and validation measurements, are described (Section 4.4.1) 
and important thermohydraulic and biologic modelling parameters are identified (Section  4.4.2). 
For both parameters a sensitivity analyses is performed. Next the results of the Modelica model 
calibration and validation with the L. pneumophila test facility results are shown (Section 4.5), 
both for the thermohydraulic calibration (Section 4.5.2) and validation (Section 4.5.3), as well as 
the biologic model calibration (Section 4.5.4) and validation (Section 4.5.5). In Section 4.6 
conclusions are formulated. 
4.2 Theory - Legionella pneumophila in water and biofilm 
4.2.1 Literature review on Legionella in domestic hot water systems 
L. pneumophila is an aerobic gram-negative bacterium. 39 different species of Legionella have 
been identified, but the most common and dangerous for humans is L. pneumophila. 
L. pneumophila appears in most water supplies like lakes, ponds and rivers in low concentration 
and in dormant stage, but Legionella bacteria from natural habitats can be increased remarkably 
in man-made hot water systems, where the temperature is optimal for their growth and where 
it can reach a dangerous concentration [3]. 
Since 1976 research on Legionella has been published. There are studies focusing on the survival 
of L. pneumophila bacteria and amoeba in biofilms [16], [14]. Other research projects look at the 
exposure mechanisms once a system is contaminated [17], [18] or focus on the influence of tubing 
material [19]. The literature about decontamination strategies is similarly scattered as that on 
the proliferation of L. pneumophila, usually focusing on a single decontamination technique and 
tested in limited laboratory configurations or in case studies [20]. Other papers focus on the 
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effect of these techniques on biofilms [22]. The limitations of these studies are summarized in 
Decontamination of Biological Agents from Drinking Water Infrastructure [21]. 
When looking in literature (search engine: Web of Science and Science Direct, 01/2018) for 
combined keywords "Legionella pneumophila" AND "domestic hot water" or "Legionella 
pneumophila" AND "DHW" (in all fields), it results in only 45 hits. Because this chapter is focusing 
on L. pneumophila in DHW, a more detailed look into these results is given. The results are divided 
into different categories of interest: type of research (e.g., engineering, biological) (Figure 4.1A), 
research methodology (e.g., review, measurements, lab) (Figure 4.1B) and contaminated buildings 
(e.g., cases, outbreaks) (Figure 4.1C). 
Figure 4.1A, the type of research category, is of interest to identify the papers written from 
engineering point of view, looking at a system component or the DHW system as a whole. Figure 
4.1A indicates the existence of 11 papers written from engineering point of view. Harper [23] deals 
with the engineering implications of Legionnaires’ Disease outbreaks. Steps are set out which 
might be taken when a hospital outbreak occurs and a water system is identified as the source. 
Results are based on case study experience. Cabanes et al. [29] present preliminary data about a 
method of risk assessment of a water distribution system in France. The paper emphasizes the 
lack of data, with regard to risk evaluation related to the development of Legionella in 
individuals’ hot water supply. Prado et al. [33] assessed electric boilers and electric showerheads 
focusing on the energy point of view. Tebbutt [35] investigates water-related disease in the 
developing world that may arise from the presence of trace concentrations of impurities in 
drinking water. Ha [43] wrote a combined biological-engineering paper dealing with an outbreak 
in Pas-de-Calais (France), focusing on decontamination principles. Spinks et al. [45] investigate 
the health risks of the use of harvested rainwater in DHW systems. The result of this study is that 
the temperature range from 55°C to 65°C is critical for effective elimination of 
enteric/pathogenic bacterial components and supports the thesis that hot water systems should 
operate at a minimum of 60°C. Beggs [47] deals with energy efficient air conditioning and 
mechanical ventilation systems. The paper by Frayne [50], on the control of corrosion by 
environmental modification, discusses the need for, and use of, active monitoring, control, and 
management of waterside environments in cooling, heating, and potable water systems. Blanky 
et al. [58] wrote a combined biological-engineering paper dealing with monitoring Legionella 
presence from potable water to treated greywater. Based on these results the ISO 11731:1998 
method to isolate Legionella from greywater was modified. The content of these 11 papers differs 
from the topic of this chapter, being the calibration and validation of a combined 
thermohydraulic and biologic simulation model on L. pneumophila bacteria concentration to 
prevent contamination risk at a lowered DHW temperature of 45°C in order to reduce energy 
consumption. 
Figure 4.1B indicates the existence of only one simulation paper. The simulation study of Lacroix 
[36] examines the performance of three electric water heater designs for load shifting and 
control of bacterial contamination by TRNSYS simulations of the water heaters. The criteria for 
bacterial control is the water temperature in the service tank which should remain high, thus 
preventing the growth of bacteria. Bacteria concentration itself is not modelled. 
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Figure 4.1C indicates the existence of papers dealing with contaminated buildings. In every paper 
one or multiple buildings contaminated with L. pneumophila are discussed. Some of the papers 
try to identify the cause and to solve the occurring issues in practice by trial and error. This is 
slower than by means of a simulation model. 
 
 
Figure 4.1 Research on “Legionella pneumophila” AND “domestic hot water” divided in: A. Research 
categories. B. Methodology. C. Type of contaminated buildings. 
The current chapter adds value to the existing papers because of its scientifically based 
calibrated and validated thermohydraulic and biologic simulation model. As a result, trial and 
error are avoided and L. pneumophila problems in DHW systems can be identified and solved 
more efficiently. 
4.2.2 Literature review on Legionella in biofilms 
An uncritical natural concentration of L. pneumophila enters the building. In this man-made 
environment conditions occur that are optimal for bacterial growth, causing dangerous 
L. pneumophila concentrations (above 1 000cfu/l). If L. pneumophila were to appear only in water, 








it would be flushed out of the system during water use and would not have the time to grow. 
However DHW system components do not only contain water. There is also a slimy layer of 
microorganisms present inside water pipes, which is called the biofilm. This layer can be as thin 
as a single cell attached to the surface (<5μm) and as thick as 1 000μm [83]. Wherever there is 
water, biofilm growth can occur, for example in storage tanks, expansion vessels and 
showerheads. Biofilms can grow very easily in DHW pipes, since they provide a moist and warm 
environment for the biofilm to thrive. 95% of L. pneumophila detected in DHW systems are 
appearing in biofilm [84]. Three important reviews have been published on the mechanisms and 
factors affecting the biofilm life cycle of L. pneumophila [85], [86], [87] but the research on 
parameters affecting the growth of L. pneumophila in biofilms is still in progress. 
Because the biofilm has a significant influence on the L. pneumophila concentration in DHW 
systems, it is important to take the biofilm into consideration in the simulation model. The first 
step is to get an understanding in how a biofilm works and which parameters are important to 
model its behaviour. 
4.2.2.1 What is a biofilm? 
The biofilm structure is composed of a consortium of microbial cells that are attached to the 
surface (substratum) and associated together in an extracellular anionic polymer matrix (EPS) 
[88]. The matrix is extremely hydrated (97% water) [89]. Micro colonies of bacterial cells encased 
in the EPS matrix are separated from each other by interstitial water channels, allowing transport 
of nutrients, oxygen, genes and even antimicrobial agents [90]. Because of their dynamic 
character, biofilm communities can continuously change over time and space, providing better 
survival and growth of the associated microorganisms [87]. The L. pneumophila bacteria attach 
to the biofilm because it consists of microorganisms that allow cells to adhere to the pipe surface. 
Generally, there are three distinct phases in the biofilm life cycle of L. pneumophila bacteria [88]: 
bacterial attachment to a substratum, biofilm maturation and detachment from the biofilm with 
subsequent dispersal in the bulk environment. 
4.2.2.2 Biofilm thickness, structure, attachment and detachment 
The  thickness and structure of the biofilm is influenced by several parameters. A clear, significant 
temperature influence on biofilm thickness and structure was detected by Mampel et al. [91]. In 
vitro, biofilms produced at 37°C are much more robust than at 25°C [91], and interestingly 
biofilms produced at 25°C are more adherent than at 37°C [92]. 
Besides temperature, another attachment parameter is flow velocity. An increase in flow velocity 
may equate with increased attachment and it is known that bacteria form biofilms preferentially 
in very high shear environments (Reynolds number (Re) = 10 000) [87]. Liu et al. [74] built a test 
setup consisting of three parallel pipes with either a turbulent (Re = 10 000), laminar (Re = 1 000) 
or stagnant (Re = 0) flow regime. They noticed a significantly higher biofilm colonization rate of 
Legionella species under turbulent flow conditions compared with laminar conditions. It was also 
visually apparent that turbulent flow resulted in the greatest accumulation of biofilm in the 
sampling pipe [74]. This might be explained by the fact that turbulent flow would result in a 
higher overall mass transfer rate compared with laminar flow, resulting in larger particle 
deposition onto the pipe surface [74]. 
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Storey et al. [93] also confirmed that under turbulent (Re similar to 5 000) conditions, larger 
parts of biofilm become detached from the substrata, with more than 90% of L. pneumophila 
mobilised into the water phase. Another way of detachment occurs when stagnating areas are 
present in the DHW system. In these areas suppressed oxygen and nutrient supply of the biofilm 
can result in a stress state in biofilm bacteria and a detachment of bacteria into the water [94]. 
For this reason numerous regulations call for the removal of stagnating areas and other 
structural factors causing stagnation within the DHW system [95]. 
4.2.3 Modelling Legionella pneumophila concentrations in domestic hot water 
systems 
To model L. pneumophila growth in water and in biofilm in DHW system components (pipe, 
boiler,…) mass conservation equations, which predict L. pneumophila growth in water and biofilm 
and the exchange of bacteria between both, have been added to the hydraulic component 
models. Details can be found in Chapter 3 [248]. In these mass conservation equations a source 
term is added that predicts the change in bacterial concentration (growth or decay) over time as 
a function of the water temperature, based on literature review data. 
4.3 Methods - Calibration and validation of simulation model 
The methods used to achieve a simulation model that approaches reality by best-goodness-of-
fit are calibration and validation of the simulation model with measurement results. A full-scale 
DHW test facility has been built at which temperature, mass flow rate and L. pneumophila 
measurements are performed (Section 4.4.1). 
The Modelica language is chosen to compile a thermohydraulic and biologic simulation model. 
The thermohydraulic model predicts temperatures and mass flow rates throughout the DHW 
system of the test rig, which are then used to predict growth or death of L. pneumophila 
throughout the system. First, the thermohydraulic model is calibrated (Section 4.5.2) and 
validated (Section 4.5.3), as the accuracy of these results will influence the bacterial growth 
predicted by the biologic model. Secondly, the thermohydraulic components are extended with 
equations to predict L. pneumophila bacteria growth (biologic model), they are calibrated 
(Section 4.5.4) and validated preliminarily (Section 4.5.5) based on L. pneumophila 
measurements. 
Initial parameter values are assumed when starting the calibration process, with for each 
parameter a sensitivity range within which each parameter value could vary. The final parameter 
value is the value, within this sensitivity analyses range, achieved for each parameter after the 
calibration process. This value remains unchanged during the validation process. 
4.3.1 Modelica Dymola simulations 
Modelica Dymola is used to compile the system model [237]. Dymola is suitable for modelling 
various kinds of physical systems. This equation based programming language is non-proprietary 
and object oriented. It also contains different existing libraries, hydraulic as well as biologic, 
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making it appropriate for the development of multi-scale (thermohydraulic and biologic) models, 
such as are required here. In this chapter, the Modelica library version 3.2.2, OpenIDEAS 1.0.0 [240] 
and Buildings 4.0.0 [239] are used. 
4.3.2 Calibration approach 
By reconciling simulation model outputs with measured data, more accurate and reliable results 
can be achieved. The simulation results are compared with measured data in order to examine if 
the DHW system can be composed, calibrated and validated, based on temperature and mass 
flow rate measurements (including temperature stratification measurements of the boiler) and 
biologic L. pneumophila measurements, to accurately predict L. pneumophila growth in the 
system. The model calibration is done manually as the calibration parameters are limited. This 
means that the calibration predominantly relies on iterative pragmatic intervention by the 
modeller. Manual calibration includes any methods that employs no form of automated 
calibration through mathematical/statistical methods or otherwise [249]. 
4.3.2.1 Summary of followed calibration methodology 
Manual calibration starts with identifying all uncertainty parameters, this serves as a checklist 
for every DHW case study system. The first step in the thermohydraulic calibration is to fill in the 
value for every uncertainty parameter, that is known from technical sheets or measurements, in 
all component models (boiler and pipe), meaning a white box approach is followed. The 
parameters that remain unknown after this first step are called calibration parameters. For the 
boiler component, these parameters are the output [W], the location of the immersion heater and 
the number of segments. For the pipe model only one parameter is unknown and that is the 
equivalent length of the thermal bridges. In a second step, the remaining parameters are 
calibrated manually using the bisection method. 
The same is done for the biologic model, the parameters that remain unknown after the first step 
are the volume of biofilm in pipe and boiler, the volume of biofilm in bends, the mass transfer 
coefficient and the growth curve of L. pneumophila in biofilm. These parameters are called 
calibration parameters although two of them are known in a preliminary way. The mass transfer 
coefficient kc is calculated and the biofilm curve is implemented based on data from the literature 
review. These preliminary known values can be overwritten based on future biological research. 
The remaining parameters, the volume of biofilm, are calibrated manually using the bisection 
method. 
4.3.2.2 Methods for assessing calibration performance for Building Energy Simulation (BES) 
models 
Building models impose a lot of uncertainties, therefore building models need to be calibrated 
and a sensitivity analysis needs to be performed. The various sources of uncertainty in building 
performance simulation are classified as follows [249], [250]. These terms are used throughout 
this chapter: specification uncertainty, modelling uncertainty, numerical uncertainty and scenario 
uncertainty and are explained in Annex 4A. 
Originally, simple percentage difference calculations were used to compare measured and 
simulated data [251], [252], [253]. However this often led to a compensation effect, whereby 
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overestimations cancel out underestimations. Standardized statistical indices were adopted to 
better represent the performance of a model [254], [255], [256], [249]. The three validation 
methods, which will be used in this chapter, are: Root Mean Square Error (RMSE) [K], Mean Bias 
Error (MBE) [%] and Coefficient of Variation of Root Mean Square Error CV(RMSE) [%]. These terms 
are explained in more detail in Annex 4A. 
The calibration and validation of BES models are assessed based on the models’ compliance with 
standard criteria for MBE and CV(RMSE) (Table 4.1). These criteria vary depending on whether 
models are calibrated to monthly or hourly measured data. BES models are generally considered 
calibrated if they meet the criteria set out by one of the following three standards: ASHRAE 
Guideline 14 [257], International Performance Measurement and Verification Protocol (IPMVP) 
[258] and the Federal Energy Management Program (FEMP) Monitoring and Verification Guide 
(FEMP) [259]. 
This means that once there is reasonable agreement between measurement and simulation 
result, the model may be considered calibrated according to current international acceptance 
criteria for BES models. However, the model that meets these criteria is not unique and thus there 
are numerous models of the same building that can be considered calibrated. It should be noted 
that current calibration criteria relate solely to predicted energy use, and do not account for 
uncertainty or inaccuracies of input parameters, or the accuracy of the simulated environment 
(e.g. temperature profiles) [249]. Additionally it is important to mention that all current 
calibration methods are based on monthly or hourly data, in this chapter thermohydraulic 
calibration data is second based due to the short occurrence of tap profiles. 
Table 4.1 Acceptance criteria for calibration of building energy performance simulation (BES) models [249]. 
Standard/ guideline Monthly criteria [%] Hourly criteria [%] 
MBE CV(RMSE) (monthly) MBE CV(RMSE) (hourly) 
ASHRAE Guideline 14 [257] 5 15 10 30 
IPMVP [258] 20 - 5 20 
FEMP [259] 5 15 10 30 
4.4 Test facility domestic hot water system 
In this section the test facility and its components, used for calibration and validation 
measurements, are described (Section 4.4.1). The BBRI test facility (Section 4.4.1) is represented 
theoretically and simplified in the best possible way (best goodness-of-fit) by a developed 
Modelica simulation model (Section 4.4.2). While building the test facility simulation model, the 
Modelica components should be bared in mind. The different components in Modelica need 
specific input parameters which are collected from the technical plans and measured data of the 
test facility. Important thermohydraulic and biologic modelling parameters are identified. For 
both types of parameters a sensitivity analyses is performed, for the thermohydraulic parameters 
and for the biologic parameters in Section 4.4.2. 
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4.4.1 Test facility description 
4.4.1.1 Configuration of the test facility 
Eradication of L. pneumophila requires a better understanding of Legionella containing systems 
in real operating conditions. Therefore the Belgian Building Research Institute (BBRI/WTCB/CSTC) 
constructed a full-scale test facility in their accredited laboratory [260], [261], to offer the 
opportunity to study the effect of thermal decontamination procedures on the survival of 
L. pneumophila, thus complementing studies in laboratory conditions. Furthermore the test 
facility provides information to calibrate the simulation model. The configuration of the test 
facility is shown in Figure 4.2. The test facility is composed of real DHW system elements. It is 
23m high and consists of a hot water distribution recirculation loop of 40m long, fed by a 200l 
water tank (‘test’ tank) at 45°C. There is also a separate independent tank (‘culture’ tank) where 
Legionella is cultivated, before being introduced into the test facility, to study the growth/death 
when applying a regular, in time limited, thermal decontamination of the tank and the 
distribution recirculation loop. The culture tank is only connected once, at the beginning of the 
tests, to contaminate the whole system with a few litres of water containing L. pneumophila. 
During the next two years of testing, the culture tank has not been connected to the test tank 
anymore as the L. pneumophila contamination was already spread all-over the system. Cross-
linked polyethylene is used at the interior of the multilayer pipes (PE-Xc/Al/PE-HD) and stainless 
steel for the boilers. There are two draw-off pipes connected to the recirculation loop (kitchen 
pipe of 7m and shower pipe of 10m). In this configuration, a dynamic consumption profile on a 
daily basis, corresponding to the DHW use of a single family (two adults and two children) is 
applied to the two draw-off pipes, one corresponding to a kitchen and one to a bathroom profile 
(shower). Water velocity and temperatures are monitored throughout the system every second. 
The position of temperature sensors is indicated in Figure 4.2. Before and after a heat shock (this 
is a sudden increase of the boiler temperature to 60-65°C to kill the L. pneumophila bacteria 
present) water samples are taken from the depart and return pipes of the boiler and from the 
two draw-off pipes that are equipped with temperature probes and regulation valves. The 
L. pneumophila concentration in all water samples is measured every three to seven days [cfu/l]. 
Results from the experiments on the test facility are used to test, validate and improve the 
simulation model, to see if all relevant parameters for L. pneumophila growth are accurately 
predicted and to test the assumptions that are made to close the gaps in available knowledge. 
The test facility also allows model validation under different operating conditions. Detailed 
technical specifications of all system components are collected to minimize the specification 
uncertainty. Their technical data are described in detail in Annex 4B. 
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Figure 4.2 Configuration of the test facility with in red (full line) the supply pipe and in orange (dotted line) 
the return pipe of the recirculation system. 
4.4.2 Test facility simulation model 
The system built according to Figure 4.2 is translated in a simulation model in Modelica. The 
configuration of the test facility simulation model is shown in Figure 4.3. The hot water 
distribution recirculation loop is made of pipe components (middle right). A 200l water tank 
provides hot water to the circuit (bottom left). The two draw-off pipes are connected to the 
recirculation loop. A consumption profile on a daily basis, corresponding to the DHW use in the 
































bathroom profile (shower) (top right). The characteristics of the components of the Modelica 
simulation model are based on the available technical data from the test facility. Annex 4C 
describes the simulation component models in detail. 
 
Figure 4.3 Modelica Dymola simulation model of the test facility. 
4.4.2.1 Thermohydraulic simulation component models 
Annex 4C lists how the uncertainty and sensitivity analysis is conducted for the different 
simulation input calibration parameters. Every component, subcomponent, modelling 
assumption and its calibration parameters are discussed. Focus is on how the different existing 
components are translated in simulation components and how the input data are fed into the 
model. An overview of the simulation component models used can be seen in Table 4.2. 
Table 4.2 Overview of simulation component models used in the thermohydraulic model. 
Component Simulation component model Library 
Boiler StratifiedEnhanced Buildings 4.0.0 
Electric immersion heater PrescribedHeatFlow 
RealExpression 
Modelica 3.2.2 
Recirculation distribution pipes Pipe Buildings 4.0.0 
Tap BalancedTap_m_flow OpenIDEAS 1.0.0 
 
Special attention is given to the boiler model as the current boiler model has some limitations. 
Simplifications and assumptions of complex physical processes are causing modelling 
uncertainty, that is why some work is done to update the boiler model in two ways. First, the 
original model can only handle volume segments with the same height, and averages out 
temperature variations over each segment. To make it possible to use the measured 
temperatures directly in order to calibrate the model, stratification with arbitrary height of fluid 
volume segments is desired to be able to compute T0 (temperature at the bottom of the tank) 














106   CHAPTER 4 
measurements show that the temperature at T6 is almost ± 0.5K higher than at T5 (highest fluid 
segment). Therefore the highest and the lowest segment are each divided into two segments 
(one smaller and one bigger). Additionally, the existing boiler model is adapted to make it 
possible to use different initial temperatures for different layers. By doing so, the measured 
temperature of every sensor in the boiler can be compared with the results of the simulation 
model, leading to a less inaccurate prediction. 
4.4.2.2 Thermohydraulic sensitivity analysis 
The thermohydraulic uncertainty parameters are identified in Table 4.3. In the first column the 
component name is given, in the second the subcomponent which is a smaller part of the 
component. Columns three and four give some more information about the modelling parameter. 
The source where the initial parameter value comes from is mentioned in column five. The initial 
model value is assigned based on e.g., measurements, data sheets, thereafter the initial value of 
each parameter used in the model and the range in which the value can vary to match the 
measurements is mentioned. 
nSeg is the number of volume segments in the boiler component, where 1 is the bottom and nSeg 
the upper segment. Temperature variations over each volume segment are averaged out. 
Some parameters are retained as uncertainty parameters, as they are uncertain because of lack 
of measurement or data sheet. Other parameters are based on modelling choices, for example 
the number of segments in the boiler component, the time constant for mixing and the density 
of water. Some other parameters are retained as uncertainty parameters, even though their value 
is fixed and known in the setup, like the direction of the inlet/outlet and the position of the 
expansion vessel, to find out the order of magnitude of their influence, if they would be varied. 
The results of this sensitivity analysis are discussed in Section 4.5. 
Table 4.3 Thermohydraulic modelling challenges, uncertainty parameter values used for the initial model 

















Boiler Insulation Material Thermal 
conductivity 
[W/(m·K)] 
Estimation 0.04 0.02-0.07 





Power Output [W] Datasheet 6 000 4 800- 
6 000 
  Location Segment [-] Estimation T4 T0-T5 
 Thermo-
stat 
Location Position [-] Estimation T4 1-nSeg 
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Estimation 43.1-45.2 43.1-46.4 
 Inlet/ 
outlet 
Direction Direction [-] Datasheet Horizontal Vertical/ 
horizontal 
 Volume Size boiler Volume [m³] Datasheet 200 200-220 
  Number of 
segments 
nSeg [-] Test facility 5 5-135 
  Time 
constant 
for mixing 
Time [s] Component 
info 
1 1-9 900 












Fluid  Mass flow 
rate 
Mass flow rate 
[kg/s] 
Measured 0.022 ±10% 


























  Material Thermal 
conductivity 
[W/(m·K)] 
Datasheets 0.025 0.020-0.025 






Length [m] Average 
measurement 
40 39-41 
  Length 
pipe bends 
Length [m] Average 
measurement 
1 0.5-2 














 Location Position [-] Test facility Return side Return/ 
depart side 
of boiler 
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4.4.2.3 Biologic model parameters - L. pneumophila growth 
After the first thermohydraulic system calibration process a second (biologic) calibration step 
takes place. The uncertainty parameters used to predict L. pneumophila bacteria growth are the 
start concentration of Legionella (in boiler and pipes), the volume of biofilm (in boiler, straight 
pipes and bends), the component material and roughness (of boiler and pipes), the number of 
segments (in boiler and pipes), the mass transfer coefficient, the growth equations for 
L. pneumophila (in water and biofilm) and the amount of nutrients. Three of these uncertainty 
parameters need some further discussion and are explained in the next paragraphs: the 
roughness of different materials coupled with the biofilm volume, the growth equations of 
L. pneumophila in biofilm and the mass transfer coefficient. 
Influence of different component materials  on biofilm volume 
A first calibration parameter for the biologic model is the type of component material. Pipe 
materials influence the amount of Legionella present. The presence of metals such as iron (Fe), 
derived from pipelines and fittings, are important parameters for L. pneumophila growth and 
virulence [75], [76], [77]. Iron favours L. pneumophila growth. The logistic analysis by Serrano-
Suárez et al. [78] showed that the presence of iron above 0.095mg/L is associated with 
L. pneumophila. Water can be enriched with iron as a result of corrosion of ferrous installation 
components like for example galvanized steel pipes. 
Authors, such as Rogers et al. [79] and Borella et al. [80], stated that copper ions inhibit 
L. pneumophila growth. The risk of L. pneumophila colonization in circuits significantly decreased 
with respect to copper concentration (detection limit of 0.01mg/l) [78]. 
Van der Kooij et al. grew L. pneumophila in a warm water system with pipes of copper (Cu), 
stainless steel (SS) and cross-linked polyethylene (PE-X) during recirculation of tap water at 25-
35°C. Subsequently, warm water (37°C) use profiles were implemented [19]. Legionella 
multiplied in these pipes and median values of Legionella concentrations in water were 
1 500cfu/l (Cu) and about 4 300cfu/l for SS and PE-X [19]. 
The influence of component material on L. pneumophila growth is taken into account in the 
model in the definition of a biofilm volume related to the type of pipe material. A constant biofilm 
volume is taken into account in the simulation model. The biofilm volume is expressed as a 
percentage of pipe volume (V) and coupled to the roughness value as this is the only suitable 
material depended parameter that is accessible in Modelica. An equation to express the relation 
between biofilm volume and roughness has not been established in literature. Considering 
copper is the least rough of all materials (roughness value is smaller than 0.0015), there is a 
distinction in the model with a cut off value of V/30-V/50 for copper and V/10-V/20 for the other 
Taps  Mass flow 
rate 














three materials, based on discussions with biofilm experts [244]. In pipe bends the volume of 
biofilm is assumed to be double in comparison with straight pipe sections. 
For the boiler model the same approach is followed, but the biofilm volume is divided between 
the walls and bottom of the tank, the biofilm volume in the lowest segment is five times the 
volume of the biofilm attached to the walls, as sediments will sink and cause more biofilm 
growth at the bottom of the tank. 
The roughness of a material implemented in Modelica is the absolute roughness of the pipe, with 
a default value for a smooth steel pipe of 2.5·10-5m. This value is overwritten according to 
Table 4.4. Although in the test rig cross-linked polyethylene (PE-X) is used at the interior of the 
multilayer pipes (PE-Xc/Al/PE-HD) and stainless steel for the boiler, other materials are 
implemented in the model for extension to other cases. 
The roughness of pipe materials also influences L. pneumophila growth because it impacts the 
volume flow rates and pressure losses of the medium passing through, this is taken into account 
in the thermohydraulic model. 
Table 4.4 Absolute roughness of different piping materials [mm] translated into a sensitivity range for the 
biofilm volume [mm³] as a percentage of pipe volume. 






Stainless steel (SS) 0.015-0.03 0.025 V/10-V/20 
Galvanized steel (GS) 0.03-0.2 0.15 V/10-V/20 
Cross-linked polyethylene (PE-X) 0.0015-0.01 0.005 V/10-V/20 
Vernet polyethylene (VPE) 0.0015-0.007 0.003 V/10-V/20 
Polypropylene (PP) 0.0015-0.007 0.003 V/10-V/20 
Copper (Cu) 0.0013-0.0015 0.001 V/30-V/50 
Lead (Pb) 0.001-0.002 0.0015 V/30-V/50 
Growth curve of L. pneumophila in biofilm 
A second uncertainty parameter for the biologic model is the L. pneumophila in biofilm growth 
curve. Growth of L. pneumophila in biofilm is investigated in [262] and a growth curve in water 
and one in biofilm are determined based on literature review. This biofilm curve is one of the 
parameters that needs to be calibrated. This is done manually, by assuming a minimum and 
maximum biofilm curve within a certain range. The curves used in the model are shown in 
Figure 4.4. The sensitivity interval is in between the blue curve (growth of L. pneumophila in 
water) and the brown curve (most growth of L. pneumophila in biofilm, derived from [93], [106]). 
The dotted curve is an estimate as no literature is available concerning this part of the biofilm 
curve. 
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Figure 4.4 Minimum and maximum L. pneumophila growth curves (blue curve: in water [1], brown curve: in 
biofilm, derived from [93], [106]). 
Bacterial mass transfer coefficient 
A third uncertainty parameter for the biologic model is the mass transfer coefficient kc. The 
bacterial exchange between biofilm and the main water volume can be expressed with the rate 
equation for convective mass transfer. This equation, generalized in a manner analogous to 
Newton’s law of cooling, is (Equation 4.1) [127]: 
 𝑁𝐴 =  𝑘𝑐 · ∆𝑐𝐴 (4.1) 
With: 
 𝑁𝐴 [mol/m²·s] Molar-mass flux of the species 𝐴, measured relative to  
  fixed spatial coordinates 
 ∆𝑐𝐴 [mol/m³] Concentration difference between boundary surface 
concentration and average concentration of diffusing species 
in moving fluid stream 
 𝑘𝑐  [m/s]  Convective mass-transfer coefficient  
The method used to determine the mass transfer of bacteria between biofilm and water is based 
on the boundary layer theory (Prandtl 1904). The boundary layer is the thin region of flow 
adjacent to the biofilm surface, where the flow velocity is dependent of friction between the 
biofilm surface and the water (momentum boundary layer) and where energy transfer (thermal 
boundary layer) and mass transfer (concentration boundary layer) occur. The Reynolds analogy 
states that the mechanisms for transfer of momentum and energy in the momentum and thermal 
boundary layer are identical if the Prandtl number Pr equals 1 and that the momentum and 
thermal boundary layer thickness are more or less equal. The Prandtl number for water is 4-7. In 
Welty et al. [127], this postulation is extended with mass transfer in case the Schmidt number Sc 
is unity. For water however the Schmidt number is around 540. This Schmidt number plays a role 
in convective mass transfer in the same way as the Prandtl number in convective heat transfer. 
It can be expressed as the ratio of the molecular diffusivity of momentum to the molecular 
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Since the Reynolds analogy is only valid for gases (Pr=1 and Sc=1), Chilton and Colburn suggested 
an equation which makes it possible to extend the Reynolds analogy to liquids by eliminating 
the restriction of unity of Prandtl and Schmidt numbers [263], [264]. This analogy is valid for 
gases and liquids within the range 0.6 ≤ Sc < 2 500. The convective mass transfer coefficient kc 
can be obtained from the skin friction coefficient 𝐶𝑓  of the boundary layer and the Schmidt 









 𝑐2  
 (4.2) 
With: 
𝑣∞ [m/s]  Velocity in the center of the pipe 
For a laminar boundary layer, the skin friction coefficient was determined by Blasius 
(Equation 4.3) [265]. 




For a turbulent boundary layer, different approximate solutions exist to calculate the skin friction 
coefficient. In this work the Prandtl-Schlichting equation [266], which uses a logarithmic velocity 
profile, is used. It is valid if Re < 109 (Equation 4.4): 




The diffusion coefficient DAB [m²/s] is taken into account in the convective mass transfer 
coefficient kc. The ratio between both is expressed as follows (Equation 4.5): 





𝐿  [m]  Characteristic length (diameter in case of pipe) 
For a laminar boundary layer, the average Sherwood number Sh can be calculated with 
(Equation 4.6): 
  𝑆ℎ = 0.664 · 𝑅𝑒0.5 · 𝑆𝑐1 3  (4.6) 
For a turbulent boundary layer, the Sherwood number Sh can by calculated as follows 
(Equation 4.7). 
  𝑆ℎ = 0.023 · 𝑅𝑒0.8 · 𝑆𝑐1 3  (4.7) 
4.4.2.4 Biologic sensitivity analyses 
Biologic uncertainty parameters are identified in Table 4.5. In the first column the component 
name is given. Columns two and three give some more information about the modelling 
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parameter. The source where the initial parameter value comes from is mentioned in column 
four. The initial model value is assigned based on measurements, calculations, material 
characteristics and literature review. Thereafter the initial value, of each parameter used in the 
model, and the range, in which the parameter can be varied to match the measurements, are 
mentioned. 
The value range for the sensitivity analyses of the start concentration of L. pneumophila, a value 
that needs to be filled in in every simulation component (e.g., boiler, pipes) to start the calculation 
from, could be determined based on taking the value of the previous sample measurement. It 
could be estimated by a calculation based on temperature and time (less accurate as non-
dynamic) or the cold water concentration could be presumed (underestimation). The value range 
for the sensitivity analysis of the mass transfer coefficient could be determined by the Chilton 
and Colburn equations as explained in Section 4.4.2.3  wherein the boundaries of the laminar and 
turbulent regions (zone between 2 300 < Re < 3 500) could be varied. One possibility is to vary 
the value for the critical point. Because, as observed by Reynolds in his experiments, depending 
on the experiment, the Reynolds number at which turbulence was observed could be postponed 
from Re ≈ 2 000 to Re ≈ 13 000 [267], [268]. Another possibility is to look for a more detailed 
equation for mass transfer coefficient kc based on CFD simulations. As stated above, the 
theoretical critical point of Re  = 2 300 is uncertain, because in transition from laminar to 
turbulent flow, mass transfer changes. In case of turbulent flow, diffusion coefficients (mass, 
momentum, energy) will be larger, due to a larger mass transport related to the vortex flow. This 
uncertainty in flow regime has an influence on the calculated mass transfer coefficient kc. 
Furthermore, research showed that also the structure of the biofilm is different in laminar and 
turbulent regime [269]. A CFD calculation, in which this knowledge (biofilm, mass flow) is brought 
together, could give more information about the flow regime in certain components, the 
magnitude order of the mass transfer and the local versus average mass transfer. 
The initial model value for the amount of nutrients is chosen based on the highest concentration 
of L. pneumophila measured, because a system can only hold as many L. pneumophila as the 
amount of nutrients (and oxygen, coming in by fresh cold water) can support. This carrying 
capacity stops exponential growth (S-shaped curve). 
The results of this sensitivity analysis are discussed in Section 4.5. 
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Table 4.5 Biologic modelling challenges, uncertainty parameter values used for the initial model and 
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4.5 Results 
4.5.1 Test facility heat shock experiments 
The test facility was subjected to a series of thermal shock protocols in order to test the 
decontamination effect of each protocol. Different durations, homogenisation of the water 
temperature in the tank and thermal shock frequencies were tested, see Table 4.6 [261]. Typical 
short periods in the test series were selected for preliminarily calibration and validation 
purposes, in this case two weeks with different conditions (same approach as in [249], [252], 
[270]). Measured data from week 3 (day of the heat shock) are used to calibrate the 
thermohydraulic model of the test facility (see Section 4.5.2). Measured data from week 6 (day 
of the heat shock) are used to validate this model on the one hand and to test a new kind of heat 
shock technique (see Section 4.5.3). Measured data from week 14-15 are used to calibrate (see 
Section 4.5.4) and from week 16-17 and 26-27 to validate (see Section 4.5.5) the biological growth 
models (Table 4.6). 
In week 3, one heat shock is executed. The tank is heated up for one hour to a thermostat set 
point of 63°C. The duration of the heat shock is one hour, it starts when a temperature of 59°C is 
measured at the end of the circulation loop (T10). The difference with week 6 is that circulation 
over the tank is added during the heat shock to prevent stratification over the boiler. 
In weeks 26 and 27, one heat shock a week is executed. The difference with the previous weeks 
is that the thermal shock is performed at 65°C instead of 60°C. The tank is heated up for 
respectively 30 minutes and one hour to a thermostat set point of 68°C.  
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1-2 45 60 > 30 (tank) 1  
3-4 45 60 > 60 (tank) 1  
5 45 60 > 30 (tank) 1 Extra circulation over tank 
6-7 45 60 > 60 (tank) 1 
Extra circulation over 
tank 
8-9 45 60 
> 60 (tank) 
30 (sampling taps) 
1  Extra circulation over tank 
10 45 60 
4x > 30 (sampling taps + draw-
off pipes: in circulation order) 
1 Extra circulation over tank 
11 45 60 
> 30 (tank) 
4x > 30 (sampling taps + draw-
off pipes: in circulation order) 
1 Extra circulation over tank 
14-18 45 60 > 60 (tank) 2 
Extra circulation over 
tank 
19 45 60 > 60 (tank) 7 Extra circulation over tank 
. . . . . . . . . . . . . . . . . . 
26 45 65 > 30 (tank) 1 
Extra circulation over 
tank 
27 45 65 > 60 (tank) 1 
Extra circulation over 
tank 
4.5.2 Thermohydraulic calibration (week 3) 
In this section the results of the thermohydraulic calibration are displayed. Table 4.7 gives an 
overview of the simulation parameters used. tstart is the start time of simulation, tstop the stop 
time. The duration of the simulation is 86 400s (one day), this is the time between tstart and tstop. 
The duration of the heat shock is 3 600s and started at 21h30. The set point temperature of the 
boiler is set at 45°C during normal use and 63°C during the heat shock. During normal use the 
control is set based on the temperature in the middle of the tank (in water), during heat shock 
based on the temperature at the outlet of the tank (T6). Tmin is measured at T10 (return) and Tmax 
at T6 (depart). 
Table 4.7 Thermohydraulic calibration simulation setup parameters used during normal use and 
heat shock 3. 
 tstart [h] tstop [h] Duration [s] Tcontrol [°C] 




86 400 45.0 




3 600 63.0 
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Figure 4.5 and Figure 4.6 compare the simulated and measured temperatures in the boiler and 
in the circuit, respectively, for the third heat shock. The simulation results shown are the ones 
obtained with the calibrated model and are drawn with a full line and in the same colour as the 
measurement results (dots). The sudden rise in temperatures shows the effect of the heat shock. 
The vertical downward peaks (T0 in Figure 4.5) show the addition of fresh cold water to the 
bottom of the boiler when tapping occurs (vertical upward peaks in T8 and T9 in Figure 4.6). The 
vertical downward peak in T10, at the end of the return pipe, can be explained by the large draw-
off. Water is standing still in the primary pipe and cooling down to the environmental 
temperature. 
Visually, there is a close fit between simulation and measurement results, except for the eight 
hours after the heat shock. In simulation the boiler cools down quasi linearly, while in reality 
three cooling down periods can be distinguished. This can be explained by the fact that the boiler 
component model averages out temperature variations over each segment and that the effect of 
fluid circulation flows along the boiler’s walls is not taken into account in the boiler component. 
More information and a calculation of this cooling down effect can be found in Annex 4D. 
 
Figure 4.5 Thermohydraulic calibration of the test rig’s boiler. Simulated (full line) and measured (dots) 
temperatures over the total calibration period (week 3) for sensors T0, T1, T2, T3, T4 and T5. The shaded area 
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Figure 4.6 Thermohydraulic calibration of the test rig’s circuit. Simulated (full line) and measured (dotted 
line) temperatures over the total calibration period (week 3) for sensors T6, T7 and T10 in the recirculation 
loop and T8 and T9 at the taps. The shaded area represents a measurement uncertainty of ±0.5°C. 
In Table 4.8 RMSE [K], MBE [%] and CV(RMSE) [%] values are calculated for the thermohydraulic 
calibration of week 3. RMSE-values between 0.57-1.89K, MBE-values between -0.217-1.199% and 
CV(RMSE) between 0.179-0.633% are achieved for the calibration of the thermohydraulic system 
simulation model. All these values are small in comparison to standard acceptance criteria (see 
Table 4.1). Annex 4E provides further details. 
Table 4.8 RMSE, MBE and CV(RMSE) for the calibrated thermohydraulic simulation model over the total 
calibration period. 
Temperature sensors RMSE [K] MBE [%] CV(RMSE) [%] 
T0 1.03 -0.061 0.327 
T1 1.17 0.084 0.369 
T2 1.89 0.077 0.596 
T3 1.50 -0.164 0.469 
T4 0.81 -0.057 0.251 
T5 0.57 -0.041 0.178 
T6 0.67 0.092 0.208 
T7 0.88 1.199 0.275 
T10 1.48 0.217 0.462 
T8 1.85 -0.270 0.633 
T9 1.21 0.052 0.416 
The final thermohydraulic parameter values that are a result of the manual calibration and used 
in the following validation results are shown in Table 4.9. Only the values that have changed from 
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The immersion heater is located in 4 segments as this is a long cylindrical electric rod, not 
affecting segments 0 and 5 as these are the connection parts to the tank’s bottom and top , 
respectively. 
Table 4.9 Final calibration parameter values used during calibration and to be used during validation of 
thermohydraulic simulation model. Only the values that were different from the initial values are displayed. 
 
The importance of each thermohydraulic uncertainty parameter is stated in Table 4.10 and is 
based on the predefined sensitivity value range. Low importance means that the influence of the 
variation of the parameter on the final result - in this case the simulated temperatures in the 
boiler and throughout the circuit averaged over all measurement sensor locations and over the 
















Power Output [W] 4 800-6 000 5 700 
  Location Segment [-] T0-T5 T1-T4 
  Number of 
segments 
nSeg [-] 5-135 8 
Pipes Insulation Thermal 
bridges 




Table 4.10 Importance of thermohydraulic calibration parameters. 
Component Subcomponent Thermohydraulic calibration 
parameter 
Parameter importance 
Boiler Insulation Thermal conductivity [W/m·K] High 
  Thickness [m] Medium 
  Position [-] Medium 
 Immersion heater Output [W] Low 
  Segment [-] Medium 
 Thermostat Position [-] Medium 
  Set point temperature and dead 
band [K] 
Medium 
 Inlet/outlet Direction [-] Low 
 Volume Volume [m³] Medium 
  nSeg [-] Medium 
  Height [m] Medium 
  Time constant [s] High 
  Material roughness [m] Medium 
Fluid  Mass flow rate [kg/s] High 
  Density [kg/m³] Low 
Environment  Temperature [K] Medium 
Pipes Insulation Uninsulated length [m] Medium 
  Thermal conductivity [W/m·K] Low 
  Thickness [m] Low 
 Circulation loop Length straight pipe[m] Low 
  Length pipe bends [m] Low 
  Material roughness [m] Medium 
Expansion vessel  Position [-] High 
Tapping  Mass flow rate [kg/s] Low 
  Cold water temperature [K] High 
 
The thermal conductivity of the insulation influences the operation of the thermostat (lapse time 
and cooling off) after the heat shock. The immersion heater segments determine the 
stratification of the boiler and the thermostat lapse time. The set point temperature and the dead 
band of the thermostat determine the thermostat lapse time and maximum temperature inside 
the boiler. The mass flow rate influences the L. pneumophila growth as the mass flow rate is an 
important parameter in the mass conservation equations. Lower mass flow rates cause more 
growth. The position of the expansion vessel affects the system operation success significantly 
as the location of the expansion vessel cannot be varied in Modelica. The incoming cold water 
temperature influences the water temperature at the entrance of the boiler. 
120   CHAPTER 4 
4.5.3 Thermohydraulic validation (week 6) 
The thermohydraulic validation is performed to validate the chosen and final calibration 
parameter values in Figure 4.10. Table 4.11 gives an overview of the thermohydraulic simulation 
parameters used during heat shock 6. tstart is the start time of simulation, tstop the stop time. The 
duration of the simulation is 86 400s (one day), this is the time between tstart and tstop. The heat 
shock started at 21h45. The duration of the heat shock is t58+3 600s with t58 the time to achieve 
58°C at sensor T10. The set point temperature of the boiler is set at 45°C during normal use and 
63°C during the heat shock. During normal use the control is set based on the water temperature 
in the middle of the tank, during heat shock 6 based on the temperature in the outlet of the tank 
(T6). 
Table 4.11 Thermohydraulic validation simulation setup parameters used during normal use and heat shock 
6. 
 tstart [h] tstop [h] Duration [s] Tcontrol [°C] 




86 400 45 




t58+3 600 63 
 
Figure 4.7 and Figure 4.8 compare the simulated and measured temperatures in the boiler and 
circuit, respectively, for the 6th heat shock (week 6). As for the results of week 3, simulation 
results are drawn with a full line in the same colour as the measurement results. The sudden rise 
in temperatures shows the effect of the heat shock. The vertical downward peaks (T0 in Figure 
4.7) show the addition of fresh cold water to the bottom of the boiler when tapping occurs 
(vertical upward peaks in T8 and T9 in Figure 4.8). A slow and steady increase in temperature can 
be noted in T8 from 6AM, caused by a radiator located close to the distal pipe. 
Visually, there is a close fit between simulation and measurement results except for the eight 
hours after the heat shock, although for these eight hours it is better than in week 3 because of 
the extra circulation flow added over the boiler. The calibrated model had to be adjusted to take 
this into account. The measured mass flow rate over the boiler is used as input for the extra 
circulation mass flow rate assumed in the model and is modelled using a second pump. 
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Figure 4.7 Thermohydraulic validation of the test rig’s boiler. Simulated (full line) and measured (dotted 
line) temperatures over the total validation period for sensors T0, T1, T2, T3, T4 and T5. The shaded area 
represents a measurement uncertainty of ±0.5°C. 
 
 
Figure 4.8 Thermohydraulic validation of the test rig’s circuit. Simulated (full line) and measured (dotted 
line) temperatures over the total validation period (week 6) for sensors T6, T7 and T10 in the recirculation 
loop and T8 and T9 at the taps. The shaded area represents a measurement uncertainty of ±0.5°C. 
RMSE [K], MBE [%] and CV(RMSE) [%] values are calculated for the thermohydraulic validation of 
heat shock 6 (Table 4.12). RMSE-values between 0.51-2.15K, MBE-values between -0.010-1.199% 
and CV(RMSE) between 0.158-0.734% are achieved for the validation of the thermohydraulic 
system simulation model. The comparison between simulated and measured values shows a 
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Table 4.12 RMSE, MBE and CV(RMSE) for the calibrated model over the total validation period of heat shock 
6. 
Temperature sensors RMSE [K] MBE [%] CV(RMSE) [%] 
T0 1.66 0.202 0.526 
T1 1.66 0.222 0.521 
T2 2.05 0.178 0.641 
T3 1.13 -0.110 0.353 
T4 0.69 -0.037 0.214 
T5 0.51 -0.010 0.158 
T6 0.66 0.123 0.205 
T7 0.96 0.236 0.269 
T10 1.23 0.185 0.383 
T8 2.15 -0.363 0.734 
T9 1.77 0.106 0.606 
4.5.4 Biologic calibration - Legionella pneumophila growth (weeks 14-15) 
An overview of L. pneumophila concentration measurements in water is given in Figure 4.9. 
L. pneumophila concentrations were measured by the laboratory of WTCB. The culture method is 
used for Legionella analysis, conform ISO 11731:1998 (and ISO 11731:2017). The measured 
L. pneumophila concentrations are shown on the y-axes. It should be noted that a logarithmic 
scale is used in the following graphs. The heat shocks performed are indicated with orange 
vertical lines. L. pneumophila is measured by sampling water throughout the system of the test 
rig. During weeks 14-18 and weeks 26-27 concentrations up to 3·106cfu/l are measured, well above 
safe concentration limits of 1 000cfu/l mentioned in Legionella regulations and guidelines (for 
example for Belgium: [197] Kreps et al. 2007). The largest concentration of L. pneumophila 
present each time water is drawn off, is measured in the return pipes. Therefore calibration will 
focus on this location, to take the most negative situation into account. 
 
Figure 4.9 Biologic calibration: Measured L. pneumophila concentrations [cfu/l] at return pipe of test rig in 
weeks 14-18 and weeks 26-27. Logarithmic scale. Heat shocks on 20/04/17, 08/05/17, 11/07/18 and 18/07/18 
after sampling: boiler at 60°C during weeks 14-18 and 65°C during weeks 26-27. The measurement error on 
the L. pneumophila measurements is one log. 

























































During weeks 14-27 extra circulation over the boiler is applied with a separate short circulation 
line with a second pump to prevent stratification in the boiler, this is similar to week 6. 
On 20/04/2017 at 12h00 a heat shock of 60°C is performed for the duration of one hour. 
L. pneumophila is sampled at the return at 6h49, this is 10 minutes before the first tap moment 
in the system. This sample moment remains the same for all the tests. The following 
L. pneumophila concentrations are measured (Table 4 13). 
Table 4 13 Biologic calibration: Measured L. pneumophila concentration [cfu/l] at return pipe of test rig in 
weeks 14-15. Heat shock on 20/04/17 after sampling: boiler at 60°C, decontamination of taps at 60°C. 
Week 14-15 20/04/17 20/04/17 21/04/17 24/04/17 28/04/17 
Return [cfu/l] 1.3·106 Heat shock 2.0·103 3.3·103 5.5·103 
 
Figure 4.10 compares the simulated and measured L. pneumophila concentrations at the return 
sample point for weeks 14-15. The simulation results are the ones obtained with the calibrated 
model. As can be seen in the graph a sudden drop in L. pneumophila concentration occurs during 
and after the heat shock of 20/04/17, however in less than 24h the concentration exceeds 
1 000cfu/l again. This increase is due to the remaining concentration of L. pneumophila in the 
biofilm. Not all bacteria in there are killed after a heat shock of 60°C. This could be prevented by 
making the heat shock higher in temperature and/or longer. Then the only concentration of 
L. pneumophila present after the heat shock will be the incoming concentration of 
L. pneumophila in fresh water and the growth will be slower. 
 
Figure 4.10 Biologic calibration: Measured L. pneumophila concentration [cfu/l] at return pipe of test rig in 
weeks 14-15. Logarithmic scale. Heat shock on 20/04/17. The measurement error on the L. pneumophila 
measurements is one log. 
In Table 4.14 RMSE [cfu/l], MBE [%] and CV(RMSE) [%] values are calculated for weeks 14-15. 
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Table 4.14 Biologic calibration: RMSE, MBE and CV(RMSE) for the calibrated L. pneumophila model over the 
total calibration period in weeks 14-15. 
L. pneumophila RMSE [cfu/l] MBE [%] CV(RMSE) [%] 
Return 435 -0.000561 0.00133 
 
The final biologic parameter values that are a result of the manual calibration and used in the 
following validation results are shown in Table 4.15. Only the values that have changed from the 
initial model value are shown. The whole table can be found in Annex 4F. 
Table 4.15 Final calibration parameter values used during calibration and to be used during validation of 
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Stainless steel: V/10-V/20 Stainless steel: V/10 (5x 
more at bottom than 
walls) 
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turbulent region boundaries 
More detailed formula for 𝑘𝑐 


















[cfu/l] Between upper (max. biofilm) 
and lower (water) curve 
Upper limit curve 
 
The importance of each biologic uncertainty parameter is stated in Table 4.16 and is based on the 
predefined sensitivity value range. Low importance means that the influence of the variation of 
the parameter on the final result - in this case the simulated L. pneumophila concentrations 
averaged over the return sample location and over the whole test duration - is less than 10%, 
medium means between 10-20%, high means more than 20%. The influence of the mass transfer 
coefficient and the growth equation of L. pneumophila in biofilm, two of the most important and 
least intuitive parameters is shown in Figure 4.11. The final parameter values have been 
multiplied by two to show their influence. 
The start concentration of L. pneumophila in boiler and pipe components determines the 
concentration at the start of the simulation. The volume of the biofilm influences the 
L. pneumophila concentration in the biofilm in the boiler and pipe components. The mass transfer 
CALIBRATION 125 
coefficient affects the exchange of bacteria between biofilm and water. The growth equation of 
L. pneumophila in water and biofilm influences the L. pneumophila growth in water and biofilm 
respectively. 
Table 4.16 Importance of biologic calibration parameters. 
Component Parameter Importance of parameter 
Boiler Start concentration L. pneumophila Cstart [cfu/l] High 
 Volume of biofilm [m³] High 
 Number of segments [-] Low 
Pipes Start concentration L. pneumophila Cstart [cfu/l] High 
 Volume of biofilm [m³] High 
 Number of segments [-] Low 
Component 
independent 
Mass transfer coefficient [m/s] High 
 Growth equation of L. pneumophila in water [cfu/l] High 
 Growth equation of L. pneumophila in biofilm [cfu/l] High 
 Nutrients [cfu/l => kg/m³] Low 
 
 
Figure 4.11 Biologic calibration: Influence of mass transfer coefficient [m/s] and growth equation of 
L. pneumophila in biofilm [cfu/l] on L. pneumophila concentration prediction. The measurement error on the 
L. pneumophila measurements is one log. 
4.5.5 Biologic validation - Legionella pneumophila growth (weeks 17-18 and 26-
27) 
On 08/05/2017 at 12h00 the heat shock is repeated. The bottom of the boiler is kept at 60°C for 
30 minutes, directly followed with a draw-off at the taps at 60°C for 30 minutes. The following 
L. pneumophila concentrations are measured at the return pipe (Table 4.17). 
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Table 4.17 Biologic validation: L. pneumophila concentration [cfu/l] at return pipe for weeks 17-18. Heat shock 
on 08/05/17 after sampling: bottom of boiler at 60°C (30 minutes), draw-off at taps at 60°C (30 minutes). 
Weeks 17-18 08/05/17 08/05/17 12/05/17 15/05/17 
Return [cfu/l] 3.1·106 Heat shock 8.6·102 2.1·103 
 
On Figure 4.12 the comparison of simulated and measured L. pneumophila concentrations at the 
return sample point are shown for weeks 17-18. As can be seen in the graph a sudden drop in 
L. pneumophila concentration occurs during and after the heat shock, it takes less than 24h for 
the concentration to again exceed 1 000cfu/l. 
 
Figure 4.12 Biologic validation: Simulated and measured L. pneumophila concentration [cfu/l] at the return 
pipe of test rig in weeks 17-18. Logarithmic scale. Heat shock on 08/05/17. The measurement error on the 
L. pneumophila measurements is one log. 
In Table 4.18 RMSE [cfu/l], MBE [%] and CV(RMSE) [%] values are calculated for weeks 17-18. 
Table 4.18 Biologic validation: RMSE, MBE and CV(RMSE) for the calibrated L. pneumophila model over the 
total validation period of weeks 17-18. 
 
On 11/07/2018 and 18/07/18 at 12h00 a heat shock to 65°C is performed. The bottom of the boiler 
is kept at 65°C for respectively 30 minutes and one hour. The following L. pneumophila 
concentrations are measured at the return pipe (Table 4.19). 























L. pneumophila RMSE [cfu/l] MBE [%] CV(RMSE) [%] 
Return 714 -0.00053 0.00069 
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Table 4.19 Biologic validation: L. pneumophila concentration [cfu/l] at return pipe for weeks 26-27. Heat 
shock on 11/07/18 and 18/07/18 after sampling: bottom of boiler at 65°C (respectively 30 minutes and one 
hour). 
Weeks 26-27 11/07/2018   11/07/18 12/07/18 . . .   18/07/18   18/07/18   19/07/18 
Return [cfu/l] 4.0·103   Heat shock 3.5·103 . . .   6.5·105   Heat shock   6.5·103 
 
On Figure 4.13, the comparison of simulated and measured L. pneumophila concentrations at the 
return sample point are shown for weeks 26-27. As can be seen in the graph a sudden rise in 
L. pneumophila concentration occurs before the heat shock. This can be declared by the fact that 
L. pneumophila is in the exponential growth phase before the heat shock, the biofilm contains a 
high concentration of L. pneumophila at that moment. A drop in L. pneumophila concentration 
occurs during and after the heat shock. After the heat shock, the remaining concentration in 
biofilm once again contaminates running water, until there is a balance between biofilm and 
water concentration. From that point, growth will occur more slowly until it again reaches high 
concentrations in biofilm. It takes less than 24h after the heat shock for the concentration to 
again exceed 1 000cfu/l. 
 
Figure 4.13 Biologic validation: Simulated and measured L. pneumophila concentration [cfu/l] at the return 
pipe of test rig in weeks 26-27. Logarithmic scale. Heat shock on 11/07/18 and 18/07/18. The measurement 
error on the L. pneumophila measurements is one log. 
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Table 4.20 Biologic validation: RMSE, MBE and CV(RMSE) for the calibrated L. pneumophila model over the 
total validation period of weeks 26-27. 
L. pneumophila RMSE [cfu/l] MBE [%] CV(RMSE) [%] 
Return (week 26) 600 -0.11 0.16 
Return (week 27) 711 -0.0015 0.0022 
4.6 Conclusions, discussion and future research 
A simulation model to predict L. pneumophila growth in a DHW system is developed in Modelica 
Dymola. The model is calibrated and validated, first based on temperature and mass flow rate 
measurements (thermohydraulic validation) and secondly on L. pneumophila measurements 
(biologic validation) performed in a full-scale test facility. The comparison between simulated 
and measured values shows a good fit of the calibrated model in comparison to standard 
acceptance criteria. RMSE-values between 0.51 and 2.15K, MBE-values between -0.010 and 1.199% 
and CV(RMSE) between 0.158 and 0.734% are achieved for the validation of the thermohydraulic 
system simulation model, with insulation, mass flow rate and cold water temperature as most 
sensitive model parameters. For the validation of the biologic simulation model RMSE-values 
between 435cfu/l and 714cfu/l, MBE-values between -0.000527% and -0.11% and CV(RMSE) 
between 0.00069% and 0.16% are achieved. The most sensitive model parameters are the volume 
of biofilm, mass transfer coefficient between biofilm and water and the growth equations for 
L. pneumophila in water and biofilm. 
The model is considered preliminarily calibrated and validated for a set point temperature of 
45°C and a heat shock temperature of 60°C and 65°C. Given the importance of the correctness 
of the model and the possible impact on human health, further model calibration at a broader 
temperature range and under different flow conditions is necessary. Tests with a set point of 
40°C and 50°C and higher mass flow rates have been planned in the near future. 
Given the sensitivity of the predicted concentrations in the biofilm model, the choice of model 
parameters, when extending it to real case DHW systems, should be rather conservative to stay 
on the safe side. A ‘biofilm box’ system (Annex 4G Figure A4.11), composed of coupons (small 
pieces of piping), has been installed in the distribution system of the test rig to collect the biofilm. 
Parameters for L. pneumophila growth in biofilm can further be validated in future research 
based on the biofilm studies performed in the test facility. 
The same can be said for the growth equations of L. pneumophila in water. They are conceived 
under perfect laboratory circumstances, meaning ideal growth conditions, as L. pneumophila is 
stress sensitive. Using these equations in real case study building systems will result in an 
overestimation of the concentration of L. pneumophila present, guaranteeing a safe system. 
At this stage, the model allows defining the best possible renovation strategy for existing 
systems. Besides the model can help HVAC designers to quantify and decrease the L. pneumophila 
contamination risk in the design phase of a building system and to reduce energy use in DHW 
systems significantly.
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Abstract 
The production of Domestic Hot Water (DHW) dominates the total energy demand of well 
insulated and air tight buildings. One of the main reasons for the high energy demand is that 
DHW is stored and distributed at temperatures above 60°C to mitigate the risk of contaminating 
the DHW system with Legionella pneumophila. At these temperatures, L. pneumophila bacteria 
are effectively killed. For most of the DHW applications, temperatures of only 30-40°C are 
required. This disparity (between 60 and 30-40°C) doubles the temperature difference between 
DHW system and environment and has a detrimental effect on the efficiency of DHW production 
units. 
A simulation model has been developed that allows investigating the contamination risk for 
L. pneumophila in the design phase of a DHW system in dynamic conditions. With the simulation 
model, the authors have been able to thoroughly assess the contamination risk associated with 
the design of a recirculation DHW system of a case study apartment building with 132 apartments. 
As measurements have confirmed that no L. pneumophila contamination is present in the DHW 
system, the influence of system design and operation parameters are tested and temperature 
regimes are optimised in order to save energy without increasing L. pneumophila contamination 
risk. The heat shock regulation proves to be of high potential. A set point temperature of 37°C 
(instead of 60°C) in combination with dynamic heat shocks (to 65°C), once 100cfu/l has been 
reached, shows that it is possible to reduce the energy demand for DHW with 38% in comparison 
with a constant high temperature regime of 60°C.  
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5.1 Introduction 
5.1.1 Background 
5.1.1.1 Energy use 
Research about energy savings is mainly focusing on the building envelope (thermal insulation, 
air tightness), technical installations (renewable energy, energy recovery for ventilation, heating 
and cooling, water use, recyclability) and architectural design principles. A lot of progress has 
been made in these areas during the past years, while little research on Domestic Hot Water 
(DHW) energy savings has been executed. This means that DHW production starts to represent an 
important share in the total energy demand of buildings. While in the past, energy needed for 
DHW accounted for only 6% of household energy costs (for buildings built before 1984 in 
Germany), in recent passive buildings this is about 50%. On average, about 800kWh per occupant 
per year is the net energy demand for DHW production [230]. For a single family house, with a 
floor area of 150m² (A/V=0.84) and three to four occupants, this amounts to 15kWh/m² a year [9], 
[10].  
One of the main reasons for the high energy demand is that DHW is produced, stored and 
distributed at temperatures at or above 60°C to mitigate the risk of contamination of the DHW 
system. The 60°C temperature limit has been established by investigating the growth dynamics 
of L. pneumophila bacteria in laboratory conditions and studying contamination cases [11], [12], 
[13]. At these temperatures the DHW system is considered to be safe. 
5.1.1.2 Beneficial conditions for the bacteria to multiply 
The aim of this research is to identify the system design and operation conditions that favour the 
growth of L. pneumophila bacteria in an installation. To have a better understanding, an overview 
is given of the beneficial conditions for the bacteria to multiply and reach dangerous 
concentrations. The growth of L. pneumophila is dependent on temperature. It is optimal in 
lukewarm water between 20 and 45°C (Figure 5.1A), stagnation, an acid environment and the 
presence of nutrients through for example dirt and traces of rust. At temperatures below 20°C, 
the bacteria become dormant but remain viable for months. The bacteria grow best at 
temperatures between 20°C and 45°C with an optimum around 35°C-41°C. Beyond 45°C, 
pasteurization starts and higher temperatures will eventually kill the organisms [1]. This can be 
seen on Figure 5.1A. On the x-axes, the water temperature in degrees Celsius can be seen and on 
the y-axes, in Figure 5.1B, the time to double the number of L. pneumophila (mean generation 
time) and, in Figure 5.1C, the time to reach 90% reduction in cells (decimal reduction time). Figure 
5.1B is based on data from Yee and Wadowsky [65] from experiments on unsterilized tap water 
and Figure 5.1C is based on data from laboratory experiments [11], [12], [13], [66], and is consistent 
with field data [173]. Figure 5.1B shows that the time to double the number of L. pneumophila 
cells in water is less than half a day at 41°C and in Figure 5.1C it can be noted that at 70°C, 90% 
of L. pneumophila in water gets killed in less than a minute. 
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Figure 5.1 A. Growth function of L. pneumophila in water (adapted from [1]). B. An estimation of mean 
generation time (time to double the number of cells) of L. pneumophila in tap water (data from [65], 
adapted from [1]). C. The change in decimal reduction time (90% reduction of L. pneumophila) with 
temperature (data from [66], [11], adapted from [1]). 
The most common points of risk in a DHW installation are related to temperature (Table 5.1). 
Table 5.1 Effect of production temperature on L. pneumophila growth risk (adapted from [119]). 
Point of risk Description 
Hot water production and 
distribution at < 60°C 
A typical way to produce hot water is to make use of a storage vessel (“boiler”) 
that is heated by a heat exchanger connected to the heating system. 
In hospitals and hotels it often happens that water for kitchens is produced at 
60°C while water for the rooms only at 40 to 45°C. When the production 
temperature is 45°C, water temperature in the distribution system will be even 
lower. 
Risk assessment Solution 
Hot water production at 40 to 45°C 
creates quasi ideal conditions for 
the growth of Legionella in the 
storage vessel. This situation is very 
risky, the probability that 
Legionella is present in this 
installation is very high. 
The DHW production temperature should be at least 60°C and the distribution 
temperature at least 55°C. If this requirement cannot be fulfilled in an existing 
installation, then additional measurements should be performed, like: 
 monitoring of water quality through water analysis, 
 heating the boiler regularly (daily in high-risk and weekly in 
moderate risk installations) up to minimum 60°C, 
 systematically providing chemical decontamination or 
 applying a continuous anti-Legionella treatment which has been 
recognized by the government. 
 
Mean generation time [days]
Decimal reduction time (90% kill) [h]
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L. pneumophila bacteria appear in water and in biofilm. The biofilm structure is composed of a 
consortium of microbial cells that are attached to the surface and associated together in an 
extracellular anionic polymer matrix [88]. The bacteria attach to the biofilm because it consists 
of micro-organisms that allow cells to adhere. The biofilm forms a protective layer for the 
bacteria, which allows them to grow and multiply in it. Biofilms adjust to their surroundings and 
can resist antimicrobial agents. According to Flemming et al. [84], 95% of Legionella and other 
micro-organisms are surface-associated (biofilm).  
In the first place, L. pneumophila prevention should be considered by maintaining sufficient 
circulation and avoiding stagnant sections of piping that would allow the growth of biofilm, like 
dead pipe ends (Table 5.2). 
Table 5.2 Effect of circulation on L. pneumophila growth risk. 
Point of risk Description 
Scarce, infrequent or absent (dead pipe ends) circulation. In DHW installations of apartment buildings, stagnant 
zones are often present. 
Risk assessment Solution 
The collective distribution network of an apartment 
building is often a recirculation system, which is the most 
critical system for L. pneumophila contaminations because 
the water temperature remains close to the critical 
temperature. Especially if they are incorrectly designed or 
incorrectly balanced, situations can occur in those stretches 
of piping in which circulation is scarce, infrequent or absent 
(dead pipe ends). In this case, both temperature conditions 
(lukewarm water) and stagnation occur together in the 
recirculation system, which is optimal for proliferation 
[118]. 
The risk can be minimized by hydraulically balancing the 
system and avoiding dead pipe ends. 
5.1.2 Objectives 
5.1.2.1 Problem statement 
Legionella exists as part of the natural microbial flora of many aquatic ecosystems. 
L. pneumophila bacteria appear in most water supplies like lakes, ponds and rivers, at low 
concentrations that are harmless for humans. Very low concentrations of Legionella that enter 
the building can be increased remarkably in DHW installations in buildings where situations can 
occur that stimulate the growth of L. pneumophila. In apartment buildings, systems are usually 
collective for the whole building and can include recirculation loops. Many of these collective 
systems are not optimally designed, causing increased health risks and excess energy use. 
5.1.2.2 Research questions 
The aim of this research is to optimise system design and operation of healthy DHW systems in 
apartment buildings, by proposing energy efficient alternatives to the currently high DHW energy 
use, without increasing contamination risk. The following four research questions are crucial to 
achieve this goal. 
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 What is the impact of component sizing and system configuration on the 
L. pneumophila contamination risk? 
Two main components are looked at, the storage tank and the piping network. The volume of the 
boiler is varied between 1m³, 3m³ and 10m³. The location of the internal heat exchanger (HEX) 
as well as the thermostat is varied between the top, middle and bottom layer of the boiler. 
Variations on insulation levels of boiler and pipes will be investigated in Chapter 6 [271]. 
The location of the cold water supply is varied between directly attached to the storage tank or 
just after the pump. 
 What is the impact of control parameters on the L. pneumophila contamination risk? 
The control of temperature and mass flow rate is investigated. The temperature regimes are 
varied between 50-60°C, 45-55°C, 40-50°C and 40-45°C. Two different kinds of heat shock 
regimes are tested. The overall set point temperature is lowered in combination with a heat shock 
at 65°C. The principle of the two regimes is similar. A heat shock is performed once a predefined 
concentration (100cfu/l) is reached at at least one tap and stops if the concentration is lowered 
under a predefined level (25cfu/l). The second variation adds the boundary condition that the 
shock can only be performed during tapping. 
The mass flow rate is varied between 500kg/h, 1 000kg/h, 3 000kg/h and 5 000kg/h. Two mass 
flow rate controller variations are added. The first is to temporarily switch off the pump during 
the night from 1AM to 5AM. The second variation is using a demand controlled pump, the flow is 
lowered when no tapping occurs. 
 What is the influence of the occupancy on the L. pneumophila contamination risk? 
The occupancy of the building block has been varied between 100%, 75% and 50%, reducing the 
DHW use. Also the influence of a tap that is not used is investigated. 
 What is the influence of system design and control parameters on the gross heating 
energy use for DHW? 
The impact of the previously defined parameter variations on the gross heating energy use for 
DHW is quantified. 
5.2 Methods 
A L. pneumophila growth model has been developed by the authors [248] based on the Legionella 
growth curves for L. pneumophila in water and biofilm. The Modelica simulation model has been 
calibrated and validated based on results of a full scale L. pneumophila test facility [272]. The 
model can be used in the (re)design stage of DHW systems as well as to assess various 
optimisation measures during the operational stage. 
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The most important L. pneumophila growth factors are taken into account in the simulation 
model, for example: temperature, mass flow rate (variable mass flow rates, flow frequency, 
variable flow duration and stagnation), nutrients and oxygen (lumped into one parameter), pipe 
material, biofilm volume, resistance due to biofilm protection and presence of amoebae (lumped 
into one parameter). 
 The validated growth model can now be used to optimise real building systems based on energy 
use. For this goal, a case study apartment building system is chosen without occurring Legionella 
issues. The case study building consists of 132 apartments with a recirculation DHW system. A 
system simulation model of the case study building is composed. Ultimately, best suitable 
measures to design and control the tap water installation will be proposed, by which energy 
saving measures can be compared without increasing L. pneumophila contamination risk or 
decreasing comfort. 
A description of the case study buildings is given in Section 5.3.1. Next, the case study system 
configuration is shown (Section 5.3.2). Compiling the Modelica simulation model of the case study 
is covered in Section 5.3.3. After building the simulation model, the influence of the component 
sizing and system configuration (Section 5.4.2), control parameters (Section 5.4.3) and occupancy 
(Section 5.4.4) on the energy efficiency will be shown, while avoiding L. pneumophila issues. 
5.3 Case study 
5.3.1 Case study apartment building’s description 
The case study site consists of two apartment buildings (block I and II) and is constructed in 1967-
1970 in Kortrijk, Belgium. Block I is used as case study building in this study (left building on 
Figure 5.2). The building block has 11 floors with each 12 apartments, for which DHW production 
is collective. The DHW circuit has been replaced in 2008, at that stage a new insulated circulation 
piping network has been installed. 
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Figure 5.2 Block I (left) and II (right) in Kortrijk, Belgium © photo Gerald Van Rafelghem, 2016 (adapted from 
[273]). 
The building site is chosen because the collective distribution network is a recirculation system, 
representative in size, and thus suitable for the predefined research questions. Furthermore, 
mainly elderly people are resident on the building site. People over 50 years of age are 
considered at higher risk and the risk increases with age. Every concentration above 1 000cfu/l is 
considered unsafe and because of the higher risk group, L. pneumophila concentration limit 
exceedance needs to be taken extra seriously in these buildings. The drinking water does not 
contain chlorine residual. 
5.3.2 Case study DHW system configuration 
The hydraulic system is mapped based on the technical sheets of the components in the technical 
room, plans and observations during site visits. All this info is translated in the hydraulic system 
scheme shown in Figure 5.3. In the technical room, located on the roof, there are three gas boilers 
of 200l each, connected in series. The boilers (type CWH 120/200) are operating at a set point 
temperature of 60°C. The main supply distribution pipe of the recirculation circuit goes from the 
technical room to the basement through a shaft. In the basement the supply pipe is split up 
through a collector into seven pipes, each supplying one of the seven shafts upwards. In each 
shaft there is a secondary distribution circuit with a supply pipe (red) to the distal outlets in the 
different apartments and a return pipe (magenta) back to the boilers. The 4th and 7th shaft are 
shown on the hydraulic scheme. The 4th shaft (and 2nd, 3rd, 5th, 6th) is supplying DHW to two 
apartments on each floor, the 7th shaft (and 1st) is supplying to only one apartment on each floor. 
There are three distal outlets in every apartment: one to the kitchen sink, one to the bathroom 
sink and one to the shower. A fourth distal outlet is added in the simulation model to investigate 
the effect of a pipe that is never used (dead pipe end to bath). 
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Hot water is circulating continuously through the circuit by a pump (Grundfos UPS 40-120 FB), 
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5.3.3 Case study simulation model 
5.3.3.1 System simulation model 
A simulation model is made that is a simplified representation of the actual hydraulic tap system 
configuration. The biological parameter values used in the L. pneumophila growth model,  
included in this system model, can be found in [272]. 
Modelica Dymola (Dynamic Modelling Laboratory) is utilized to compile the system simulation 
model. The standard Modelica library 3.2.2 [237], OpenIDEAS library 1.0.0 [240] and Buildings 
library 5.0.1 [239] are used. 
The system simulation model of the primary and secondary circuits of block I is presented in 
Figure 5.4. The boiler can be seen on the left with at the very left the controller. In the middle the 
primary and secondary circulation circuits are shown. On the right the distal outlets of the 
apartment that is furthest away from the technical room are shown with a use profile for a 
kitchen sink, bathroom sink, shower and bath. For this theoretical model, the user profiles of the 
other 131 apartments are added to the secondary circuits. 
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Figure 5.4 Simulation model of the recirculation DHW system of Block I with all 132 tapping profiles included. 
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The thermohydraulic model will only be a close approach of the actual installation since a 
detailed calibration and validation requires a large amount of measurement data at numerous 
locations at the same time. This is not conceivable in this extensive hydraulic system with the 
limited amount of measurement tools available and the inaccessibility of important 
measurement spots. A full thermohydraulic calibration of every location is however not necessary 




The three present, identical gas boilers of 200l are simplified in the simulation model into one 
boiler with a volume of 600l, making the simulation quicker. This simplification is not influencing 
the results, because the dimensions of the boiler are chosen in a way that the same water volume 
has the same temperature as before, the combined mass flow rate also remains the same. 
Combining these three boilers into one creates less heat loss surface than three separate boilers, 
that is why the insulation thickness is lowered to have the same heat loss. 
Pipes 
In the simulation model, only the longest DHW circuit is taken into account, meaning the circuit 
to the apartment on floor 10 at shaft 7. Only the distal outlets of this apartment are part of the 
simulation model. Using insulation should be avoided in distal pipes as it extends the period in 
the critical temperature zone, as water is standing still in these pipes most of the time. The 
assumption of not insulating distal pipes is used in this case study simulation model. The lengths 
and diameters of all pipes are taken from the plans, sections and hydraulic schemes (Table 5.3). 
Table 5.3 Dimensions of circulation pipes and distal outlets in the simulation model with di [m] the internal 
diameter, A [m²] the sectional area, L [m] the length and V [m³] the volume of the pipe. 
Pipe Type di [m] A [m²] L [m] V [m³] 
Primary vertical supply pipe DN50 0.0530 0.00233 44.6 0.10404 
Primary vertical return pipe 











Primary horizontal return pipe 











Secundary vertical return pipe DN25 0.0272 0.00058 48.3 0.02807 
Pipe connecting pump DN40 0.0545 0.00137 0.5 0.00069 
Pipe connecting boiler DN40 0.0418 0.00137 0.5 0.00069 
Distal pipe to kitchen sink DN10 0.0125 0.00012 5.05 0.00062 
Distal pipe to bath DN15 0.0160 0.00020 2.65 0.00053 
Distal pipe to bathroom sink DN10 0.0125 0.00012 3.9 0.00048 
Pump 
The pump used is Grundfos UPS 40-120 FB with a nominal value of 10bar and a mass flow rate of 
6 000kg/h. The calibrated model of this pump is available in Modelica. 
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Tap profiles 
Figure 5.5 shows the tap profile of one apartment. This profile is made based on the tap profiles 
study in [9]. This profile has been proportionated and shifted in time, based on statistics from 
the social housing company (owner of the building blocks), depending on the amount of 
occupants per apartment and the occupant types (Table 5.4). Every secondary shaft serves 22 
apartments. Each apartment is occupied by 1, 2 or 3 people. Three types of inhabitants have been 
chosen, all day DHW users (family that is often at home), late DHW users and early DHW users. 
The occupancy profile is repeated every day, except for the bath profile which is repeated only 
once every 12 days. The occupancy profile variants have been summed for all 132 apartments. 
 
Figure 5.5 Corresponding tap use profiles for the shower, bathroom sink, dead pipe end (bath) and kitchen 
sink in block I for one apartment occupied by two early DHW users. 
Table 5.4 Occupancy profiles 
Apartment type and number of 
inhabitants 
All day DHW users (11) Early DHW users (6) Late DHW users (5) 
1 person (10) 5 3 2 
2 persons (7) 3 2 2 
3 persons (5) 3 1 1 
 
5.3.3.3 Parameter values 
The simulations are performed for ten days. The following parameter conditions are used to run 
the system simulation: 
 Length of main circulation loop    161.3m 
 Length of secondary circulation loop   96.6m 
 Diameter of main circulation loop    0.0545m, 0.0418m, 0.0359m 
 Diameter of secondary circulation loop   0.0359m, 0.0272m 
Water use [l/s]
Time [hour]













Use profile dead 
pipe end (bath)
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 Insulation thickness of main circulation loop  0.01m 
 Insulation thickness of secondary circulation loop 0.01m 
 Lambda value of insulation     0.03W/m·K 
 Length of volume segments of pipe    2m 
 Number of volume segments of boiler   8 
 Nominal mass flow rate     1.7kg/s 
 Pressure difference of pump     10bar 
 
The simulation setup is chosen as follows:  
 Start time       0s (January 1st) 
 Stop time       864 000s (January 10th)  
 Integration algorithm      Euler (explicit) 
 Integration tolerance      0.0001  
 Timestep        1s  
 
The simulation outputs are the following: 
 Predicted L. pneumophila concentrations and temperature in the top layer of the boiler 
(boiler.vol[1].C and boiler.vol[8].T) 
 Predicted L. pneumophila concentrations and temperature in the bottom layer of the 
boiler (boiler.vol[8].C and boiler.vol[1].T) 
 Predicted L. pneumophila concentrations and temperature at the outlet of the end pipe 
to the kitchen sink (pip4.vol[2].C and pip4.vol[2].T) 
 Predicted L. pneumophila concentrations and temperature at the outlet of the end pipe 
to the showerhead (pip5.vol[2].C and pip5.vol[2].T) 
 Predicted L. pneumophila concentrations and temperature at the outlet of the end pipe 
to the bathroom sink (pip6.vol[2].C and pip6.vol[2].T) 
 Predicted L. pneumophila concentrations and temperature at the outlet of the end pipe 
to the bath (pip7.vol[2].C and pip7.vol[2].T) 
 Predicted L. pneumophila concentrations and temperature at the end of the return 
pipe of the main circuit (pip12.vol[2].C and pip12.vol[2].T) 
 
In Section 5.4, the influence of system design, control and use parameters will be investigated, 
based on the results of the simulation models. 
5.4 Results 
The results section is organized in line with the research questions that make up the chapter’s 
objectives. Each research question is addressed separately, after which final and overall 
conclusions are formulated for the chosen case study building, in order to propose appropriate 
system optimisations for the current tap water system that meet the requirements in terms of 
health, comfort and energy efficiency. 
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5.4.1 Base scenario 
In the base scenario the boiler is operating at 40-45°C. The boiler has a volume of 0.6m³ and the 
thermostat and heat exchanger are located in the upper layer of the storage tank. 4cm of 
polyurethane pipe insulation is present with a thermal conductivity value of 0.035W/m·K. The 
distal outlets are not insulated. 50 nodes are used in the simulation model. A temperature 
difference of less than 5°C is measured over the system’s supply and return pipes attached to 
the boiler. The cold water supply is connected directly to the tank. The occupancy of the 
apartment block is assumed at 100%. The system is hydraulically balanced, meaning that the 
mass flow rate in the seven secondary loops is equal. The circulation mass flow rate of the pump 
is 6 000kg/h. 
5.4.2 Research question 1 - component sizing and system configuration 
5.4.2.1 Boiler volume 
The volume of the boiler has been varied in Figure 5.6 between 0.6m³, 3m³ and 10m³. The 
L. pneumophila concentration at the bottom layer of the boiler, a critical location for the growth 
of L. pneumophila, is investigated. We would expect that the smaller the boiler, the more 
L. pneumophila per litre is present. The growth in the boiler depends on the ratio of tap quantity 
and boiler volume. In this case the boiler of 0.6m³ is flushed more, meaning water is used 
instantaneously and L. pneumophila gets no chance to grow. 
 
Figure 5.6 Influence of boiler volume on the concentration of L. pneumophila at the bottom layer of the 
boiler in block I. 
5.4.2.2 Location of heat exchanger and thermostat 
Figure 5.7 shows the influence of the location of the internal heat exchanger (HEX) and the 
thermostat in the boiler. The location is varied between the bottom, middle or top layer of the 
boiler. No differences can be noted based on the position of the heat exchanger in the boiler, not 
even in the long term. This can be explained by the fact that the boiler is insulated significantly 
and only very small temperature fluctuations occur over the boiler. 
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Figure 5.7 Influence of the location of the internal heat exchanger (HEX) and the thermostat in the boiler 
on the concentration of L. pneumophila in boiler in block I. 
5.4.2.3 Location of cold water supply 
Figure 5.8 shows the influence of the location of the cold water supply. The location is varied 
between right in front of the storage tank, as in reality, and right behind the pump, meaning that 
the cold water supply enters 0.5m before the end of the return pipe. This length is apparently too 
small to induce significant differences in the concentration of L. pneumophila in the boiler. If the 
length would be larger, a larger volume of water would be kept at the return water temperature 
and more L. pneumophila growth would occur there. 
 
Figure 5.8 Influence of the location of the cold water supply on the concentration of L. pneumophila in boiler 
in block I. 
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5.4.3 Research question 2 - control parameters 
5.4.3.1 Production temperature 
Figure 5.9 shows the influence of the production temperature (like the example assessed in 
Table 5.1) on the concentration of L. pneumophila in the circuit. The production temperature has 
been varied between 50-60°C, 45-55°C and 40-50°C. A temperature regime of 50-60°C proves 
to be suitable to eliminate L. pneumophila from the boiler. Growth can be noted when a 
temperature regime of 45-55°C is assumed. The growth exceeds 1 000cfu/l after 10 days. When a 
temperature regime of 40-50°C is set, growth occurs exponentially, meaning 1 000cfu/l is 
reached after two days. The growth and death peaks that can be noted in the two upper growth 
curves are caused by the alternation between growth (below ±45°C) and death (above ±45°C) 
temperatures. Additionally, at the boiler setpoint temperature of 45-55°C, the recirculation water 
can be at temperatures below 45°C, causing growth of L. pneumophila  in the circuit that on its 
turn affects the concentration in the boiler after recirculation. 
 
Figure 5.9 Influence of boiler temperature on the concentration of L. pneumophila in boiler in block I. 
5.4.3.2 Heat shock controller 
Figure 5.10 shows the influence of the heat shock regime, driven by a controller, on the 
concentration of L. pneumophila in the distal outlets. In this figure the L. pneumophila 
concentration limit level is determined at 100cfu/l to show the effect of the controller. In reality 
this threshold value can be higher depending on the building type and regional safety standard. 
The effect of the tap profiles can be seen in the stepped form of the concentration curves. 
In this case the tap profiles are repeated over time making the duration between two heat shocks 
constant, which will not be the case in reality. The set point temperature is set at the optimal 
growth temperature of 37°C to investigate the effect of the heat shock over a period of 10 days. 
In reality, lowering the production temperature to 37°C does not allow for sufficient DHW comfort 
at tapping points. The heat shock is set at 65°C and stops if the concentration at all tap points 
goes below 25cfu/l. 
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Figure 5.10 Influence of the standard heat shock regime on the concentration of L. pneumophila in the distal 
outlets in block I. 
In Figure 5.11 an energy saving variant on the standard heat shock regime is tested. The heat 
shock is only activated once the concentration exceeds 100cfu/l (as before) and if tapping occurs, 
making the concentration present in the system rise a bit more, but energy can be saved. 
 
Figure 5.11 Influence of the optimised heat shock regime (only heat shock if tapping occurs) on the 
concentration of L. pneumophila in the distal outlets in block I. 
5.4.3.3 Mass flow rate of pump 
In Figure 5.12 the mass flow rate of the recirculation pump has been varied between 500kg/h, 
1 000kg/h, 3 000kg/h and 6 000kg/h. A maximum concentration of 2 000 000cfu/l is reached 
after 10 days. As can be seen, a steady state condition has not been reached yet over a simulation 
period of 10 days. Over time, it is expected that lower mass flow rates will end up with higher 
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concentrations. This phenomenon can be explained by the fact that at high mass flow rates, more 
mass transfer occurs from biofilm to water until it reaches the point where L. pneumophila 
concentration in biofilm is in balance with its concentration in water. This equilibrium 
concentration between biofilm and water is reached faster at higher mass flow rates. At lower 
mass flow rates it takes longer because less concentration is eliminated from the biofilm in the 
beginning, meaning more L. pneumophila is left in the biofilm in optimal conditions, where it will 
grow better than in water. This will also lead to a higher concentration in the water as the biofilm 
will contaminate the water over time. 
 
Figure 5.12 Influence of mass flow rate on the concentration of L. pneumophila in the circuit in block I. 
Lowering the mass flow rate to 500kg/h, 1 000kg/h and 3 000kg/h saves respectively 99.7%, 
98.8% and 84.9% of pump energy. 
5.4.3.4 Mass flow rate controller 
In Figure 5.13 the influence of temporarily switching off the mass flow rate during the night from 
1AM to 5AM and a demand controlled mass flow rate (lowering mass flow rate if no tapping 
occurs) is investigated. In the second case the mass flow rate is lowered from 6 000kg/h to 
900kg/h. The same can be noted as in Figure 5.12. At high mass flow rates (continuously on), the 
equilibrium concentration between biofilm and water is reached faster. It can be assumed that 
over time the higher concentration, present in the biofilm at controlled lower mass flow rates, 
will contaminate the water and will give worse results. 
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Figure 5.13 Influence of temporarily lowered mass flow rate and demand controlled glow rate on the 
concentration of L. pneumophila in the circuit in block I. 
Switching off the mass flow rate during the night and lowering the mass flow rate save 
respectively 95.0% and 16.5% of pump energy. 
5.4.4 Research question 3 - occupancy 
5.4.4.1 Lower occupancy 
In Figure 5.14 different DHW tap profiles are tested. The occupancy is varied between 100% (132 
apartments inhabited), 75% (99 apartments inhabited) and 50% (66 apartments inhabited). 
Lower water use causes less cold water (with low L. pneumophila concentrations) to enter the 
building and to be mixed with the present hot water (with higher concentrations), meaning the 
concentration will be highest at 50% occupancy, lower at 75% and lowest at 100%. 
 
Figure 5.14 Influence of different DHW tap profiles on the concentration of L. pneumophila in return pipe in 
block I at respectively 100%, 75% and 50% occupancy. 
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The effect of boiler volume and mass flow rate has been researched for a theoretical model in 
which only 1 apartment is inhabited and the user profiles of the other 131 apartments are 
neglected. 
The volume of the boiler has been varied in Figure 5.15 between 0.6m³, 3m³ and 10m³. The 
L. pneumophila concentration at the bottom layer of the boiler is investigated. Simulating the 
model with only one apartment inhabited proves that the smaller the boiler, the more 
L. pneumophila per litre is present, as was expected when looking at the results of Figure 5.6. 
 
Figure 5.15 Influence of boiler volume on the concentration of L. pneumophila at the bottom layer of the 
boiler in block I with one occupied apartment. 
In Figure 5.16 the mass flow rate of the recirculation pump has been varied between 500kg/h, 
1 000kg/h, 3 000kg/h and 6 000kg/h. The phenomenon that is seen can be explained by the fact 
that at high mass flow rates, more mass transfer occurs from biofilm to water, until it reaches 
the point where L. pneumophila concentration in biofilm is in balance with its concentration in 
water. This equilibrium concentration between biofilm and water is reached faster at higher mass 
flow rates. At lower mass flow rates it takes longer because less concentration is eliminated from 
the biofilm in the beginning, meaning more L. pneumophila is left in the biofilm in optimal 
conditions where it will grow better than in water. This will also lead to a higher concentration 
in the water as the biofilm will contaminate the water over time. 
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Figure 5.16 Influence of mass flow rate on the concentration of L. pneumophila in the circuit in block I with 
one occupied apartment. 
5.4.4.2 Dead pipe end 
The L. pneumophila contamination risk of a dead pipe end branched from a circulation network 
system is investigated in Figure 5.17. The boiler temperature regime has been varied between 50-
60°C, 45-55°C and 40-50°C. At day two, a short use of the tap (bath) occurs. At 50-60°C no 
growth can be noted over a period of 10 days, because only a really small concentration has 
entered the dead pipe end. Over time however, this small concentration will also reach 
exponential growth. At 45-55°C 100cfu/l and at 40-50°C 200cfu/l is reached after 10 days. 
The simulation results prove that dead pipe ends (like the example in Table 5.2: scarce, infrequent 
or absent circulation) are critical locations for bacteria growth. Due to the lack of water flow, the 
temperature drops into the critical range over a short end of the pipe, which then contaminates 
the remainder of the dead pipe end. 
 
Figure 5.17 Influence of boiler temperature on the concentration of L. pneumophila in a dead pipe end in 
block I with 132 occupied apartments. 
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In case a distal outlet is only used once a week, like for example a bath, the heat shock control 
behaves differently. In Figure 5.18 the tapping at the bath occurs later, when there is already 
growth of L. pneumophila in the primary circuit. The concentration of L. pneumophila present in 
the primary circuit enters the distal outlet once tapping occurs. In this scenario the concentration 
in the dead pipe end reaches 100cfu/l, the point at which the heat shock starts, but the boiler 
stays on a continuous high temperature because the tap is no longer used, meaning 
decontamination cannot occur but the heat shock stays on. In this case manual/automatic 
flushing of the dead pipe end could be a solution. 
 
Figure 5.18 Influence of the standard heat shock regime on the concentration of L. pneumophila in the distal 
outlets in block I with 132 occupied apartments. The tapping at the bath (green) occurs later. 
5.4.5 Research question 4 - energy use 
The predicted gross heating energy use for DHW, corresponding with all different previous 
scenarios, is presented in Figure 5.19. The grey bar (1st bar) represents the base scenario. 
Subsequently the predicted gross heating energy use for DHW for the other cases is shown, 
starting with the boiler volume, the position of the heat exchanger and cold water supply. 
Thereafter the energy use associated with the temperature regimes and the temperature 
controllers is shown, and then the mass flow rate settings and the mass flow rate controller. Last 
the influence of the occupancy on the energy use is shown. 
The energy use of the standard 60°C temperature scenario is 18% higher than that of the 50-
60°C temperature regime as the dead band of the thermostat is smaller in the first case 
(∆T = 5°C), providing a production temperature of at least 60°C. 
Figure 5.20 shows the comparison of the energy use of the different heating scenarios with the 
corresponding L. pneumophila concentrations. The scenarios that stay below the 1 000cfu/l limit 
during a period of 10 days are indicated in red. Only the 60°C continuously high temperature 
scenario and the two temperature controller scenarios meet the health criteria on the long term. 
The standard temperature control scenario of a continuously high temperature of 60°C is shown 
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in light blue on Figure 5.19. and corresponds with 24.7kWh/m² a year. If the two scenarios with 
the optimised temperature controller are compared to this value, 30% and 38% less energy are 
used. 
 
Figure 5.19 Comparison of energy use of different heating scenarios with base scenario. 
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Base scenario   0.6m³, HEX top, CW supply in front of boiler, 40-45°C, 6 000kg/h, 100% occupancy 
CW supply   behind pump 
Mass flow rate   1 000kg/h 
Mass flow rate controller off 1-5AM 
Mass flow rate   3 000kg/h 
Temperature regime  40-50°C 
HEX    bottom 
HEX    middle 
Temperature controller  37°C and shock 65°C if 100cfu/l and tap 
Boiler volume   3m³ 
Boiler volume   10m³ 
Temperature controller  37°C and shock 65°C if 100cfu/l 
Temperature regime  45-55°C 
Temperature regime  50-60°C 
Temperature controller  60°C 
Figure 5.20 Comparison of energy use of different heating scenarios with corresponding L. pneumophila 
concentrations. The scenarios that stay below the 1 000cfu/l limit during a period of 10 days are indicated 
in red. 
5.5 Discussion 
Some literature warns against the use of heat shocks, arguing that resistance can build up over 
time [105], [274]. This fact would be difficult to reconcile with the simulation model 
recommendations, therefore differences between our conclusions and these two literature 
sources were analysed. The difference with the first study is clear [105]. Their conclusions were 
based on a similar test rig as ours. But they measured dead and cultivable L. pneumophila 
together, since dead L. pneumophila will accumulate over time and that was not accounted for, 
making their conclusions unusable. The study of Allegra et al. [275] has been performed with 
much greater detail and over a longer timespan (20 years), however some data were missing in 
the period the resistance occurred (between 1994 and 2000). It should be noted that this only 
occurred in one specific system, in the other system this effect was not observed. We can couple 
the results of this study back to our findings taking into account that there might be a small 
chance that L. pneumophila becomes thermo-resistant in future when subject to multiple heat 
shocks over a period of 20 years. The risk, on the other hand, can be considered small since 
L. pneumophila can only become resistant if it is not eradicated from the system completely, 
meaning that some L. pneumophila bacteria survive in the biofilm. We can conclude that the heat 
shocks were not 100% efficient in the cases studied in this paper. Either temperature and/or time 
should be higher/longer to kill all bacteria present at the moment and the design of the system 
should be conceived in a way these high temperatures are reached throughout the system. Many 
buildings would have water volumes not reached by the heat shock, resulting in for example the 
potential impact of dead pipe ends and little used taps to recontaminate the system over time. 
Incoming L. pneumophila (from fresh cold water supply) is not resistant yet and will cause growth 
once fresh water has entered after the heat shock. This is not a problem as these bacteria will be 
killed by the following heat shock. 
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The simulation model shows that setting a fixed timing for performing a heat shock would not 
be safe. On the other hand, non-fixed timing can also hold some dangers, like scalding or flooding 
by objects placed in the sink/bath/shower. Heat shocks have an important effect on the 
concentration of L. pneumophila even without flushing the distal ends (closed taps), but they are 
even more effective when taps are open. In light of the risk mentioned in the previous paragraph, 
this can be considered essential to avoid the development of resistant bacteria. The best way to 
implement heat flushes in practice is to use automatic flushing taps in combination with thermal 
mixing faucets to prevent scalding, today this is already done for example in sport complexes. 
To save energy, many systems operate in a way that the circulation pump is turned off overnight 
or switched on and off with temperature. A second variant of the controller, besides controlling 
temperature, would be to propose a maximum ‘off-time’ for a certain circulation pump in a 
certain building system. Proposing a fixed time that would work for all systems is impossible, as 
is for a fixed period in between two heat shocks. 
As pointed out in this research, the ratio between tap quantity and boiler volume is influencing 
L. pneumophila growth. Water saving alternatives, like for example water saving showers, will 
become the future standard. If the boiler would be equally large as it is today, more stagnation 
would occur. However, the volume of the boiler could be equally large if the stored water 
temperature would be lower, by using the heat shock regime. 
This heat shock method does not include water use, but as stated it would be more effective if 
the heat shock also reached the tap. In the simulation results shown in this PhD, no excess water 
is used. This is because the shocks are controlled in a way that they start when there is standard 
water use. If a shock were to be performed at a time when there is normally no water use, it 
would be possible with the current simulation model, to quantify the excess water use and 
investigate the effect of the required additional water use on the energy use. 
5.6 Conclusion 
A simulation model has been developed that allows investigating the contamination risk for 
L. pneumophila in the design phase of a DHW system in dynamic conditions. With the simulation 
model, the authors were able to thoroughly assess the contamination risk associated with the 
design of a case study apartment building recirculation DHW system (132 apartments). As 
measurements confirm that no L. pneumophila contamination is present in the DHW system, the 
influence of design and operation parameters has been tested and temperature regimes have 
been optimised in order to save energy without increasing L. pneumophila contamination risk. 
Modelling a residential case study building pointed out a considerable L. pneumophila 
proliferation risk in the boiler vessels at lower temperatures and dead pipe ends. The simulation 
of the dead pipe end of the bath proves that measures need to be taken in existing installations 
to prevent water stagnation in an environment with a temperature above 25°C, for example by 
performing manual or automatic flushing. Use profiles will always be occupant dependent, 
meaning ideally, tap profiles should be logged, which is possible with the same system that 
performs the automatic flushes. 
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The L. pneumophila growth model has an added value compared to traditional thermohydraulic 
simulation models. The evaluation of classic best available technical measures could also be done 
on the basis of only water temperature simulations, but the added value of the biological growth 
model lies in the possibility to evaluate dynamic methods for Legionella control (such as heat 
shocks). The heat shock regulation proves to be of high potential. A set point temperature of 37°C 
(instead of 60°C), in combination with dynamic heat shocks (to 65°C) once 100cfu/l has been 
reached, shows that it is possible to reduce the energy demand for DHW with 38% in comparison 
with a constant high temperature regime of 60°C. Based on the results of the occupancy 
scenarios, it can be concluded that a fixed timing for performing a heat shock would not be safe. 
By developing a simulation model that allows assessing the L. pneumophila contamination risk 
in dynamic conditions, HVAC designers will be able, first to thoroughly assess the contamination 
risk associated with their design, and secondly to optimise the temperature regimes, choose 
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Abstract 
Legionella pneumophila is naturally present in water. The bacteria is almost undetectable in 
water that enters the building, but in Domestic Hot Water (DHW) installations, situations can 
occur that stimulate growth. The most important controllable growth factors are temperature, 
volume flow rate and flow frequency. 
Legionella concentration, temperature and volume flow rate measurements have been 
performed in four case study apartment buildings, found to be contaminated with 
L. pneumophila. A simulation model has been developed that allows investigating the growth of 
L. pneumophila in these systems. It is used to test the effectiveness of different renovation 
measures on the DHW system to keep it healthy and energy efficient on the long term. Renovation 
measures to optimise hot water temperatures throughout the system (> 55°C at tap) are 
investigated together with the predicted L. pneumophila concentrations.  
The most effective measures are adding insulation and balancing the system hydraulically. 
Adding 3cm insulation results in 29% less energy use (> 55°C at tap). The heat shock regime also 
proves to be suitable and can save 43% of energy. When these best case optimisation measures 
are evaluated in terms of L. pneumophila concentration, no alarming L. pneumophila 
concentrations are shown in the proposed renovation scenario of the DHW system compared to 
the original system.  
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6.1 Introduction 
6.1.1 Background 
Research about energy savings is mainly focusing on the building envelope (thermal insulation, 
airtightness), HVAC systems (renewable energy, energy recovery for ventilation, heating and 
cooling, water use, recyclability) and architectural design principles. A lot of progress has been 
made in these areas during the past years, while little research on Domestic Hot Water (DHW) 
energy savings has been done. This means that DHW production starts to represent an important 
share in the total energy demand of buildings. While in the past, energy needed for DHW 
accounted for only 6% of household energy costs (for buildings built before 1984 in Germany), in 
recent passive buildings this is about 50%. On average, about 800kWh per occupant per year is 
the net energy demand for DHW production [230]. For a single family house, with a floor area of 
150m² (A/V=0.84) and three to four occupants, this amounts to 15kWh/m² a year [9], [10].  One of 
the main reasons for the high energy demand is that DHW is produced, stored and distributed at 
temperatures at or above 60°C to mitigate the risk of contaminating the DHW system with 
L. pneumophila. The 60°C temperature limit has been established by investigating the growth 
dynamics of L. pneumophila bacteria in laboratory conditions and studying infection cases [11], 
[12], [13]. At these temperatures the DHW system is considered to be safe. Similarly, the Domestic 
Cold Water (DCW) temperature should be kept below 20°C to be considered Legionella safe. 
A L. pneumophila growth model is developed by the authors in [249] based on Legionella growth 
curves for L. pneumophila in water and L. pneumophila in biofilm (Figure 6.1A). At temperatures 
below 20°C, the bacteria become dormant but remain viable for months. The bacteria grow best 
at temperatures between 20°C and 45°C with an optimum around 35°C-41°C. Beyond 45°C, 
pasteurization starts and higher temperatures will eventually kill the organisms [1]. This can be 
seen on Figure 6.1B and Figure 6.1C. On the x-axes, the water temperature in degrees Celsius can 
be seen and on the y-axes, in Figure 6.1B, the time to double the number of L. pneumophila (mean 
generation time) and, in Figure 6.1C, the time to reach 90% reduction in cells (decimal reduction 
time). Figure 6.1B is based on data from Yee and Wadowsky [65] from experiments on unsterilized 
tap water and Figure 6.1C is based on data from laboratory experiments [11], [12], [13], [66], and 
is consistent with field data [235]. Figure 6.1B shows that the time to double the number of 
L. pneumophila cells in water is less than half a day at 41°C and in Figure 6.1C it can be noted that 
at 70°C, 90% of L. pneumophila in water gets killed in less than a minute. 
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Figure 6.1 A. Growth function of L. pneumophila in water (blue) (adapted from [1]) and in biofilm (brown) 
(assumption derived from [93], [106]). B. An estimation of mean generation time (time to double the number 
of cells) of L. pneumophila in tap water (data from [65], adapted from [1]). C. The change in decimal reduction 
time (90% reduction of L. pneumophila) with temperature (data from [11], [66], adapted from [1]). 
6.1.2 Objectives 
6.1.2.1 Problem statement 
L. pneumophila is naturally present in water. The bacteria is almost undetectable in water that 
enters the building, but in DHW installations in buildings, situations can occur that stimulate the 
growth of L. pneumophila. Collective DHW (recirculation) systems are often present in apartment 
buildings. Many of these existing collective systems may not be optimally designed. Problems 
related to comfort or energy use may occur, such as long waiting times for DHW, DCW that 
becomes lukewarm or Legionella bacteria growth in the pipes. These problems result in increased 
health risk and excess energy use. In existing buildings it is not easy to identify and solve these 
issues, while it is important to determine the points of risk which enhance the growth of 
L. pneumophila. Identifying malfunctioning zones in a water distribution network has been done 
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the following complementary step is performed, meaning correcting the causes of the 
inadequate temperature distribution by proposing suitable renovation measures while 
predicting the associated energy use through simulations. 
6.1.2.2 Research questions 
The aim of this chapter is to demonstrate the optimisation of design and operation of hot water 
distribution systems in a contaminated building complex and simultaneously to solve the 
occurring Legionella issues, based on a case study with a poorly performing DHW system. The 
following two research questions are crucial to achieve this goal. 
 Which renovation measures can be undertaken to optimise DHW temperature 
throughout the system (> 55°C)? 
Several regulations, guidelines and recommendations, such as the Best Available Technical 
Measures, define two temperature requirements for the hot water system [95], [277]. First, the 
production temperature needs to be optimised and the distribution heat loss in the hot water 
distribution system needs to be minimised to make sure that the DHW temperature at all tapping 
points is 55°C during flow. Secondly, the difference between supply and return temperature in 
the system should not exceed 5°C to keep the temperatures throughout the whole system in the 
safe temperature range [278], [279]. To meet current regulations and guidelines, varying the 
supply temperature will be investigated, as well as the effect of insulating the hot water 
distribution system. Additionally, adapting the system configuration, by leaving out the heat 
exchanger and circulation over the boiler, will be investigated. An optimum may be found as a 
combination of adding insulation and controlling volume flow rate. Energy saving potentials of 
different hot water renovation measures will be estimated. 
 What is the effect of the proposed renovation measures on resolving the occurring 
Legionella issues? 
In Section 6.5.2 the impact of previously defined renovation measures on the L. pneumophila 
concentration will be quantified in an ultimate scenario analysis. The L. pneumophila growth 
model has an added value compared to traditional thermohydraulic simulation models by having 
the possibility to evaluate dynamic methods for Legionella control (such as heat shocks), 
deviating from the constantly high temperature guidelines defined by the Best Available 
Technical Measures. 
6.1.2.3 Chapter overview 
The chapter starts with a description of the case study buildings (Section 6.2.2). Next, 
measurements performed at the case study site are discussed to improve understanding of the 
system operation (Section 6.3). DHW system improvements are examined theoretically using 
simulations. Compiling the Modelica Dymola simulation models of the case study site will be 
covered in Section 6.4. The compilation of the system model is done manually, it predominantly 
relies on iterative pragmatic intervention by the modeller [249], until a good agreement is 
reached between simulation results and measurements. The system models are built based on 
real case measurements to accurately predict L. pneumophila growth on tap in the system. After 
building the simulation models, solutions to improve DHW (Section 6.5.1) temperatures 
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throughout the system will be brought forward to eliminate the occurring Legionella issues in 
the first place and more importantly to protect the system from L. pneumophila contamination 
in the future (Section 6.5.2). Additionally, the impact of the solutions on reducing the gross energy 
use for DHW will be demonstrated. 
6.2 Case study observations and measurements 
6.2.1 Methodology 
A description of the case study buildings is given and measurements performed at the case study 
site are discussed to improve understanding of the system operation. These observation and 
measurement results are used to build the system simulation model. 
6.2.2 Case study apartment buildings’ description 
The case study site consists of six apartment buildings constructed in 1970 by the building firm 
‘Études et Réalisations Immobilières’, better known by the name Etrimo (Figure 6.2). Over 200 
Etrimo apartment blocks were built in the outskirts around Brussels, Belgium. 
 
Figure 6.2 View to the Northwest of block I-IV during a site visit, case study site at Zellik, Belgium. 
Out of these six apartment buildings, four are connected by a collective tap water piping network 
starting from a technical room in between apartment blocks I and II. A site plan is illustrated in 
Figure 6.3. These four blocks consist of 520 apartments. Each building block is composed of a 
number of pavilions, and each pavilion has the same floor plan, construction and facade. Plans 
and sections of block II, on which the related hot water distribution system and technical shafts 
are highlighted, are included in Annex 6A. The building site is chosen for multiple reasons which 
will be discussed in the following paragraphs. 
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The hot water distribution system of this case study is shown in Annex 6B. The collective 
distribution network is a recirculation system. Recirculation systems are the most critical ones in 
case of L. pneumophila contaminations because of the large water volumes and the fact that the 
water temperature may remain close to the critical temperature. Especially if they are incorrectly 
designed or when incorrectly balanced, situations may occur in those stretches of piping in which 
circulation is scarce, infrequent or absent (dead pipe ends). In this case, both inadequate 
temperature conditions (lukewarm water) and stagnation occur together in the recirculation 
system, which represents a risk for proliferation [118]. Different kinds of dead pipe ends, branched 
from the circulation network system, are spotted on site. Due to the lack of water flow, the 
temperature drops into the critical range over a short end of the pipe, which causes 
contamination of the pipe. 
Measurements, performed from 2016 to 2018, revealed severe Legionella issues in the case study 
buildings. In total 21 samples were taken, two in block I, ten in block II, two in block III and seven 
in block IV. All water samples were analysed on L. pneumophila by the laboratory of WTCB. The 
culture method is used for Legionella analysis, conform ISO 11731:1998 (and ISO 11731:2017). The 
maximum concentrations measured in these samples can be seen on Figure 6.3, together with 
the associated water temperature measured during sampling (after second sample). All 
measurements can be found in Annex 6C Table A6.1. 
The measurements have been performed at the hot water taps in the kitchen or bathrooms. The 
samples of 1l are taken according to the OSHA's Water Sampling Protocol and analysed by culture. 
The first sample had been taken immediately to measure the concentration in the dead pipe end 
(long term unused tap), the second sample has been taken after 2 minutes of continuous running 
to measure the concentration in the hot water distribution pipes. Concentrations up to 
71 000cfu/l L. pneumophila have been measured in hot water. Every concentration above 
1 000cfu/l is considered unsafe and since mainly elderly people are resident on the building site 
(i.e., people at higher risk), Legionella concentration limit exceedances need to be taken extra 
seriously. The drinking water does not contain chlorine residual. 
164   CHAPTER 6 
 
Figure 6.3 A site plan of the apartment blocks at the case study site. The hot water distribution pipework in 
between the apartment buildings is illustrated in red. L. pneumophila measurement results are shown (the 
second samples are taken after 2 minutes of tapping) (07.11.2016). 
6.3 Measurements results 
On site observations have been confirming some problems. Each problem is discussed separately 
in the next sections. Wherever possible, on site observations and measurements were performed 
in order to study the problem in more detail. The measurement period took two weeks in 
February-March 2018. Temperature measurements were established with HOBO data loggers 
[280] on the component’s outer surface below the insulation layer. The accuracy of the loggers 
is 0.21°C. Volume flow rate measurements were executed with an ultrasonic flowmeter [281]. The 
resolution of the flowmeter is 0.01l/s with a precision of ±1.6%. Diameters, insulation thicknesses, 
insulation materials and pipe lengths were measured and defined from observations during site 
visits. The measurement locations (green) are shown on the hot water distribution system of this 
case study in Annex 6B. 
6.3.1 Location of pipes 
6.3.1.1 DHW pipes in the ground 
The location of the distribution network in the ground between the apartment buildings is 
partially unknown. A better indication of the position has been determined with a thermographic 
camera. The distribution network is considered uninsulated, thus a thermal difference should be 
noticed on camera. In this way a proper indication of the position and pipe lengths is possible. 
The thermographic results together with on site observation are illustrated in Figure 6.4. 
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Figure 6.4 Interpretation of the thermographic photographs to define the location of the water pipes in the 
ground (left). Thermographic photograph of the green area between block I-II and III-IV with a FLIR 
thermographic camera (right). Note that the red areas are clearly warmer than other areas on the building 
site.  
Since a topographical difference in elevation is present from east to west at the building site, the 
hot water distribution pipes start at 1.8-2.0m depth in the ground (at the technical room). At the 
manhole cover in the green area between the four blocks, the pipes are located at a depth of 
0.8m and when entering blocks III and IV, the hot water distribution pipes are positioned at a 
depth of only 0.2m (section in Annex 6A). Furthermore, observations showed that the hot water 
distribution pipes to blocks III and IV are embedded in a concrete shaft in the ground, partially 
covered with a layer of mineral wool. The hot water distribution pipes to block II are assumed to 
be uninsulated and surrounded by ground directly over the short distance between the technical 
room and the basement of block II. Hot water distribution pipes to block I enter the basement of 
block I directly.  
6.3.1.2 DHW and DCW pipes in shafts 
DHW pipes, heating pipes and DCW pipes are located next to each other in unventilated technical 
shafts. The DHW and heating pipes are losing heat to the ambient air inside the shaft which makes 
shaft temperature rise. Figure 6.5 shows the air temperature in the shaft of pavilion 4 supplying 
bathrooms, measured at the attic level, and the temperature measured in the attic of block II. 
The shafts are not ventilated and the measurements have been taken in winter (February-March 
2018), which means shaft temperatures will probably rise above 25°C during most time of the 
year which is favourable for Legionella cultivation in DCW pipes. 
 
Figure 6.5 Ambient temperature in the shaft of pavilion 4 ‘P4_Shaft’ supplying bathrooms and temperature 
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Due to buoyancy, the higher in the technical shaft, the higher the ambient temperature and the 
higher the risk of Legionella species in DCW pipes. In this case, both inadequate temperature 
conditions (high ambient temperature) and stagnation occur together, especially at the upper 
floors of the building blocks. Figure 6.6 shows hot water, DCW and ambient temperatures in the 
kitchen of an apartment in pavilion 10, floor 10. The temperatures have been measured at the 
outer pipe surface as close as possible (<1m) to the tap. Note that the hot water temperature is 
far from reaching 55°C. Furthermore, the DCW temperature is higher than the recommended limit 
of 20-25°C. The same can be seen for the bathroom of the same apartment. 
 
Figure 6.6 DHW ‘P10_Ki_DHW’, DCW ‘P10_Ki_DCW’ and ambient temperatures ‘P10_Ki’ in the kitchen of an 
apartment in pavilion 10, floor 10. 
6.3.2 DHW production temperature and distribution heat loss 
In the technical plant, a gas burner provides DHW and distributes it to a parallel flow tube heat 
exchanger. As a result, the water in the circuit directly heated by the gas burner is hydraulically 
separated from the loops that are supplying water to the four apartment blocks. The three supply 
and return pipes from the apartment buildings (Blocks I, II and III/IV) are each connected to a 
collector. Cold and descaled water is added to the collector of the return pipes. Chalk and 
magnesium are removed from the water using a water softener directly after the water metre, 
it is an ion exchanger working with salts. Pumps are located at the return of each distribution 
circuit and three way valves dynamically control the mass flow rate passing the heat exchanger. 
The pumps to recirculate the water are constantly on in this system. No optimisation, in which 
hot water is only recirculated periodically during certain hours in order to save energy, is used in 
this system. 
In the case study buildings the boiler is heating water to 70°C but the temperatures at the taps 
are limited to 36-47°C because of the configuration of the distribution system and large 
distribution heat losses, since only 35% of the 2.8km of DHW pipes is well or sufficiently insulated. 
In order to compose a simulation model that approaches the actual hot water distribution 
installation closely, reliable temperature measurements are vital. Figure 6.7 shows 
measurements of the supply and return water temperature in the circulation loop connecting the 
heat exchanger with the boiler. Although hot water of 65-70°C is available, the supply 
temperature to the distribution collector is as low as 52°C because of the heat exchanger that is 
installed in between both circuits. Also the temperatures of the supply and return water on both 
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Figure 6.7 Supply ‘Supply_Boiler’ and return ‘Return_Boiler’ water temperature in the circulation loop 
connecting the heat exchanger with the boiler and on both sides of the heat exchanger, connected with the 
boiler ‘Hex_Supply_Collector and Hex_Return_Collector’ and the collector ‘Hex_Supply_Collector and 
Hex_Return_Collector’. 
The insulation degree of the hot water distribution network is studied in more detail. The 
apartment buildings were built in 1970, before thermal insulation was recommended. Nowadays 
parts of the hot water distribution network are well or sufficiently insulated, but the areas that 
are not easily accessible, such as parts of the hot water distribution network in the ground or 
pipes in technical shafts, are not. 
Figure 6.8 is showing the supply and return temperatures to block I (P1-3), II (P4-6) and III/IV (P7-
10) measured close to the collector in the technical plant. There are only small measured 
fluctuations in temperature in the main and secondary recirculation line as the pumps are 
supplying a continuous mass flow rate. The temperature difference between supply and return 
is 5 to 10°C. P4-6 has more temperature loss than P1-3 although the loop length is similar, 
however to P4-6 there is a representative part of the loop located outside in the ground causing 
these differences. 
 
Figure 6.8 Supply ‘P1-3_Supply’ and return ‘P1-3_Return’ hot water temperature to/from block I (P1-3), block 
II (P4-6) and blocks III/IV (P7-10). 
Figure 6.9 shows the water temperature in secondary circuits, supplying bathrooms of pavilion 6 
‘P6_ Ba_Attic’ and kitchens of pavilion 4 ‘P4_Ki_Attic’ of block II. It can be noted that the water 
return temperature at the top of pavilion 6 (attic) is already equal to the return temperature at 
the end of the circulation circuit ‘P4-6_Return’ in the technical room coming from block II, 
because of the distribution losses that are compensated for by the return of hotter water to the 
main return pipe coming from the other pavilion circuits. This indicates the system is 
hydraulically unbalanced. A hot water system that is not hydraulically balanced can lead to higher 
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can lead to poor circulation or even stagnation in high restriction loops [276]. This can be seen in 
these case studies. The volume flow rate in the secondary loops is not equal. 
 
Figure 6.9 Supply ‘P4-6_Supply’ and return ‘P4-6_Return’ hot water temperature measured in the technical 
room to/from block II (P4-6) and water temperatures in secondary circuits (measured at the attic), supplying 
bathrooms of pavilion 6 ‘P6_Ba_Attic’ and kitchens of pavilion 4 ‘P4_Ki_Attic’. 
6.3.3 Hydronic control - Volume flow rate measurements 
An estimation of the volume flow rate in different parts of the hot water distribution system is 
vital to compile an accurate simulation model. By use of an ultrasonic flowmeter, volume flow 
rate measurements are established in a sufficient amount of hot water distribution loops. 
Measured data of the volume flow rate can be seen in Figure 6.10 and Table 6.1. 
Figure 6.10 shows the volume flow rate of the DCW supply to the return collector, measured in 
the technical room. The figure demonstrates the tapping schedule and DHW volume for all four 
apartment blocks. Table 6.1 shows the DHW volume flow rates on different locations throughout 
the system. The volume flow rates are average values of successive measurements of 20 minutes 
each (time step 1s) taken on the same day. Table 6.1 starts with the DHW volume flow rate in the 
secondary circuit serving all bathrooms of pavilion 4 ‘P4_Ba_V̇’. The measurement is executed in 
the attic of pavilion 4. DCW volume flow rate of the DCW supply to the return collector ‘DCW_V̇‘ 
has been measured in the technical room. Supply ‘P7-10_Supply_V̇’ and return ‘P7-10_Return_V̇’ 
DHW volume flow rates to blocks III/IV have been measured in the technical room. The volume 
flow rate over the DHW boiler ‘Boiler_V̇’ has been measured in the technical room. Furthermore 
an attempt is made to measure the supply ‘P4-6_Supply_V̇’ and return ‘P4-6_Return_V̇‘ volume 
flow rate to apartment block II, unfortunately these last two results are not very reliable since a 
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Figure 6.10 Volume flow rate of the DCW supply to the return collector, measured in the technical room. 
Table 6.1 DHW volume flow rate in the secondary circuit serving all bathrooms of pavilion 4 ‘P4_Ba_?̇?′, the 
measurement is executed in the attic of pavilion 4. DHW volume flow rate of the DCW supply to the return 
collector ‘DCW_𝑉′̇ . Supply ‘P7-10_Supply_?̇?′and return ‘P7-10_Return_?̇?′DHW volume flow rate to blocks 
III/IV (P7-10), measured in the technical room. The volume flow rate over the DHW boiler ‘Boiler_𝑉′̇ . 
Furthermore an attempt was made to measure the supply ‘P4-6_Supply_𝑉′̇ and return ‘P4-6_Return_𝑉′̇  
volume flow rate from apartment block II (P4-6). 
 Operational volume flow 
rate measured [l/s] 
Standard deviation 
[l/s] 
Secondary circuit serving all bathrooms of P4 ‘P4_Ba_V̇’ 0.19 0.03 
DCW supply to the return collector ‘DCW_V̇’ 0.64 0.17 
Supply ‘P7-10_Supply_V̇’ to blocks III/IV (P7-10) 2.59 0.17 
Return ‘P7-10_Return_V̇’ to blocks III/IV (P7-10) 2.01 0.04 
Over the DHW boiler ‘Boiler_V̇’ 6.86 0.24 
Supply ‘P4-6_Supply_V̇’ to block II (P4-6) 1.17 0.12 
Return ‘P4-6_Return_V̇’ from block II (P4-6) 0.34 0.18 
6.4 Case study simulation models 
6.4.1 Methodology 
Whole Building Energy Simulation (BES) models can play a significant role in the design and 
optimisation of building systems. A L. pneumophila growth model has been developed by the 
authors in [248] and preliminarily calibrated and validated based on results of a full scale 
L. pneumophila test facility [272], built by the Belgian Building Research Institute 
(BBRI/WTCB/CSTC/WTB) in their accredited laboratory [260]. The test rig has been built to get a 
better understanding of the behaviour of L. pneumophila in DHW systems. 
The most important L. pneumophila growth factors are taken into account in the simulation 
model, for example: temperature, volume flow rate (variable volume flow rates, flow frequency, 
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variable flow duration and stagnation), nutrients and oxygen (lumped into one parameter), pipe 
material, biofilm volume, resistance due to biofilm protection and presence of amoebae (lumped 
into one parameter). 
The preliminarily validated growth model can now be used to optimise real building systems. In 
this respect, case study building systems are chosen with occurring Legionella issues. The case 
study project consists of four apartment buildings with 520 apartments of which the DHW was 
found to be contaminated with Legionella. A system simulation model of the case study buildings 
is composed in this chapter. The model can be used in the (re)design stage as well as to assess 
various optimisation measures during the operational stage. The causes of the contamination of 
the system and the most effective steps to improve such a system and keep it healthy and energy 
efficient on the long term are investigated by simulation. Ultimately, best suitable measures to 
adapt the tap water installation will be proposed by which energy saving measures can be 
compared based on decreasing Legionella contamination risk and improving comfort. For each 
research question a suitable system simulation model is developed. 
6.4.2 Compiling the simulation models 
6.4.2.1 Parameter conditions 
The previous sections highlighted some key elements and measurement results that are 
necessary to obtain a model that allows simulating the actual system performance closely. 
Now, the different simulation models will be discussed. For each research question a separate 
simulation model has been made. Afterwards, in Section 6.5.1, system renovation measures will 
be proposed based on the results of the simulation models. 
The biological parameter values used can be found in Chapter 4 [272]. Thermohydraulically, the 
measurement data and observations are the boundary conditions of the model used as inputs. 
The most extensive model consists of 384 nodes. The simulations are performed for same 10 days 
as the measurement campaign (winter week: low DHW temperatures). The following parameter 
conditions are used to run the simulation of the system: 
 length of main circulation loop to block I (P1-3) 251m 
 length of main circulation loop to block II (P4-6) 259m 
 length of main circulation loop to blocks III/IV (P7-10) 712.2m 
 diameter of main circulation loop 0.078m 
 insulation thickness of main circulation loop 0.034m 
 lambda value of insulation 0.040W/m·K 
 length of volume segments of pipe 2m 
 number of volume segments of boiler 8 
 nominal mass flow rate to block I (P1-3) 1.2kg/s 
 nominal mass flow rate to block II (P4-6)  1.2kg/s 
 nominal mass flow rate to blocks III/IV (P7-10) 2kg/s 
 pressure difference to block I (P1-3) 10bar 
 pressure difference to block II (P4-6) 10bar 
 pressure difference to blocks III/IV (P7-10) 10bar 
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The simulation setup is chosen as follows: 
 start time 0s (February 20th) 
 stop time 864 000s (March 2nd) 
 integration algorithm Euler (explicit) 
 integration tolerance 0.0001 
 timestep 1s 
The simulation output is the following: 
 Predicted L. pneumophila concentration at the pipe outlet (pipe.port_b.C_outflow[1]) 
6.4.2.2 Modelica Dymola simulation environment 
Modelica Dymola (Dynamic Modelling Laboratory) is utilized to compile the system simulation 
models. The Modelica language is suitable for modelling various kinds of physical systems. It can 
handle large, complex multi-engineering models and is open for user defined model components, 
such as the biological components required here. The Modelica library 3.2.2, IDEAS library 1.0.0 
and Buildings library 5.0.1 are used. The measured temperatures and volume flow rates on the 
most important accessible spots are used as input data for the Modelica simulation models. In 
reality higher volume flow rates in loops with lower resistance and poor circulation in high 
restriction loops can be seen [276]. But in the simulation models, hydraulically balanced systems 
are presumed to compare the different renovation strategies. This means that no theoretically 
incorrect pressure differences in T fittings, which lead to incorrect volume flow rates and 
incorrect temperature variations, are assumed. In reality, the first renovation step should 
therefore be to balance all system circuits hydraulically. This is feasible as it is a standard 
procedure to perform in buildings. 
6.4.2.3 Different simulation models 
In the following parts, different simulation models made in Modelica Dymola to investigate the 
two research questions, are discussed. Table 6.2 gives an overview of the different models. 
Table 6.2 Overview of the different simulation models in relation to the renovation measures investigated. 
 Number of models Aim of the models 
Total building site 
simulation model 
1 Investigating total energy use 
Individual building DHW 
simulation model 
4 (blocks I, II, III, IV) Optimising DHW temperatures 
L. pneumophila 
simulation models 
5 (total building site + DHW blocks I, II, III, 
IV) 
Resolving occurring L. pneumophila 
issues 
 
Total building site simulation model to investigate energy use of the total DHW 
system 
The detailed model of blocks I-IV is presented in Figure 6.11. The detailed model of the total 
building site is utilized to simulate the energy use of the total DHW system in the current state 
and after renovation measures. Below, the technical room is represented by the boiler (stratified 
172   CHAPTER 6 
tank model with enhanced discretization), (counter flow) heat exchanger (with constant 
effectiveness of 0.7), fresh cold water supply and collector from which the three different main 
circulation loops depart (to blocks I, II and III/IV). The four blocks are represented by the 
secondary circulation circuits going to the kitchen and bathroom shaft of every pavilion. The 
model contains tapping profiles as a total for every pavilion and separate tap profiles 
(representing a single person apartment) that are added to the DHW water circuits in pavilion 10, 
since earlier L. pneumophila measurements were taken there. Furthermore, a few dead pipe ends 
are included in the model to investigate their influence on the L. pneumophila concentration in 
the DHW system. 
 
Figure 6.11 Simulation model of the recirculation DHW system of the four apartment buildings (blocks I-IV). 
Individual building simulation models to optimise DHW temperatur e throughout the 
system 
Since long lasting simulations with detailed models are not always the most effective method to 
test renovation measures, a model for each separate building (e.g. block I in Figure 6.12) is made. 
These models are sub models of one building block copied out of the total building site model, 
except for the fact that the technical plant is simplified as energy calculations are not done with 
these models. These models are utilized to simulate the effect of adding proper insulation to 
uninsulated areas of the system in terms of temperature optimisation. Simultaneously, water 
temperatures at the most critical locations within the system are verified to achieve a water 
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Figure 6.12 Simulation model of the recirculation DHW system of apartment block I. Similar simulation 
models are made for apartment blocks II, III and IV. 
Simulation models to resolve occurring L. pneumophila issues 
The thermohydraulic pipe and boiler components in the models of Figure 6.11 and Figure 6.12 are 
replaced with components that include the biological growth models [248]. The L. pneumophila 
results, shown in Section 6.5, are results obtained in the worst case area of the system, being the 
return pipes of pavilion 6. This worst case area (return pipe) is chosen based on the lowest 
temperature measurements. 
6.5 Simulation model scenario results 
The results section is organized in line with the two research questions that make up the 
chapter’s objectives. Each research question is addressed separately after which final and overall 
conclusions are formulated for the chosen case study buildings, in order to propose appropriate 
system optimisations for the current tap water system that meet requirements in terms of 
health, comfort and energy efficiency. The criterion used to evaluate health is the L. pneumophila 
concentration present [below 1 000cfu/l], the one for comfort is a predefined temperature that 
must be reachable at all tapping points [beyond 45°C] and the one to evaluate energy efficiency 
is the energy savings [% relative to current (simulated) energy use]. 
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6.5.1 Renovation measures to optimise the domestic hot water temperature 
throughout the system 
6.5.1.1 Energy saving potential of 3cm pipe insulation 
Since only 35% of the 2.8km of DHW pipes is well or sufficiently insulated, an energy saving 
potential and water temperature analysis, by means of adding insulation to uninsulated areas, is 
executed. The obtained results, demonstrated in Figure 6.13, represent the energy saving 
potential by adding insulation to uninsulated areas of the system. Energy savings are shown on 
the ordinate of Figure 6.13, by adding DHW pipe insulation in the technical shafts (blue: Shaft) of 
blocks III/IV (pavilion 7-10), to the uninsulated DHW pipes in the ground (green: Ground), or both 
renovation measures combined (red: Ground+Shaft). The grey dotted line (New) represents a 
scenario in which all existing insulation (35%) is removed and reinsulating the DHW system is 
started from scratch. The distribution heat loss energy savings graph indicates that, for 3cm of 
pipe insulation, over 70% of potential thermal energy savings can be obtained. 
 
Figure 6.13 Distribution heat loss energy savings (over 10 days in winter) [%] by adding DHW pipe insulation 
of a certain thickness [mm] in the technical shafts (blue) of blocks III/IV (P7-10), to the uninsulated DHW 
pipes in the ground (green), or both renovation measures combined (red). The grey dotted line (‘New’) 
represents a scenario in which all existing insulation (35%) is removed and the whole DHW system is 
reinsulated. 
6.5.1.2 DHW system design optimisation scenarios 
Subsequently, a system design analysis is executed, which takes the previous findings into 
account in order to obtain a well-designed DHW system. 
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Various system design optimisations in the technical room (such as leaving out the heat 
exchanger, varying the boiler supply temperature) in order to achieve a best case DHW 
distribution system design are compared. When consulting the technical data sheet of the current 
DHW water boiler (YGNIS Pyronox LR-NT 26), a minimum boiler operation temperature of 70°C 
and minimum return temperature of 45°C is stated. Since the authors wish to investigate 
optimisation measures reusing the existing DHW boiler to avoid a new investment, since it is still 
working properly, water temperatures are based on this requirement. This implies the heat 
exchanger is kept in most scenarios (except in scenarios 2, 3 and 4), as it is utilized to transfer 
heat from the boiler circuit to the DHW collector (through which it goes to the three main 
recirculation circuits) and has the possibility of lowering the water temperature of the other 
loops, if necessary. 
Current situation 
The predicted gross heating energy use for DHW is presented in Figure 6.14. The grey bar (1st bar) 
represents the current situation in which 35% of the DHW system is insulated. The boiler is 
heating water to 70°C and the return water temperature to the boiler is 64°C. Circulation over 
the boiler and a heat exchanger are present. Circulation over the boiler is applied with a separate 
short circulation line with second pump to prevent stratification in the boiler. The supply and 
return temperatures from and to the collector side of the heat exchanger are respectively around 
52°C and between 40-47°C. Using insulation should be avoided in distal pipes as it extends the 
period in the critical temperature zone as water is standing still in these pipes most of the time. The 
assumption of not insulating distal pipes is used in this case study simulation model. 
No heat exchanger, no circulation over the boiler  
The grey striped bar (2nd bar) shows the result of the current DHW system, but without the heat 
exchanger and the recirculation over the boiler. No other design changes are made. In this case, 
temperatures of 70°C are flowing into the collector circuit and return temperatures above 60°C 
are reached at tapping points, resulting in an extra 40% thermal energy loss. 
The red bar (3rd bar) considers the same DHW system as the grey bar (2nd bar) next to it. The only 
difference is the addition of 3cm pipe insulation to the pipes in the ground and technical shafts. 
18% (3rd bar) less energy use compared to the current situation (1st bar) is reached. This is lower 
than the percentage in Figure 6.13 as higher water temperatures are flowing through the 
distribution system, by leaving out the heat exchanger in this scenario. The red striped bar (4th 
bar) considers the same DHW distribution system as the full colored bars next to it (3rd bar), with 
3cm of pipe insulation, only the boiler temperature set point is lowered to 65°C and the 
temperatures at tapping points to a minimum of 60°C. 
No circulation over the boiler 
The grey striped bar (5th bar) represents the current system in which only the recirculation over 
the boiler is left out. When recirculation of the boiler is left out, this means that, instead of the 
current mass flow rate, the full mass flow rate of 7kg/s is flowing through the heat exchanger. 
Again, temperatures above 60°C are reached at tapping points and an extra 28% thermal energy 
loss is obtained. In general, slightly lower temperatures are reached at tapping points in the 5 th 
scenario (5th bar) than in the 2nd scenario (2nd bar) (due to the heat exchanger), which explains 
the energy saving differences. 
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The blue bar (6th bar) considers the same DHW system as the grey bar (5th bar) next to it. The only 
difference is the addition of 3cm pipe insulation. 20% less energy loss (6th bar) compared to the 
current situation (1st bar) is reached. The blue striped bar (7th bar) considers the same DHW 
distribution system as the full, colored bar next to it (6th bar) with 3cm of pipe insulation, only 
the boiler temperature set point is lowered and thus the temperatures at tapping points as well. 
Thus the right part of the figure (bar 5-10) demonstrates results in which minor improvements 
are executed. 
Conventional >55°C at tap 
For the following three bars (8th, 9th and 10th bar), an effort is done to propose best case design 
solutions. The yellow (8th bar), yellow striped (9th bar) and green (10th bar) bars take 3cm of pipe 
insulation, but also take new mass flow rate settings and other boiler recirculation settings into 
account to make sure a certain temperature at the taps is always reached.  
The yellow bar (8th bar) demonstrates the thermal energy use for a system in which a 
temperature of >55°C during flow is reachable at tapping points within seconds. Every building 
block has a variable temperature distribution loss, for this reason the most negative situation is 
taken into account, because it is not possible to optimise the distributed water temperature after 
the heat exchanger per building block with the current system configuration (distributed supply 
temperatures are identical for all blocks). Meaning, in blocks III/IV 55°C will be reached, in the 
other two blocks temperatures will be slightly higher. 
The power of the boiler has remained the same, but a variable mass flow rate regime in the 
circulation loop between boiler and heat exchanger is optimised in order to meet stable water 
supply temperatures flowing to the apartment blocks (a setting which is not changed from the 
original settings in the earlier discussed optimisation scenarios). This accounts for 29% energy 
savings in comparison to the current situation (1st bar), higher distribution DHW temperatures 
and higher temperatures at tapping points (>55°C). 
>45°C at tap 
The yellow striped bar (9th bar) next to it demonstrates the energy use when a DHW temperature 
of >45°C is obtained at all tapping points within seconds. Although this DHW control is not 
allowed for residential buildings, because of the L. pneumophila risk, the scenario is particularly 
interesting when compared to the last and most sophisticated optimisation scenario, namely a 
heat shock regime (green, 10th bar). 
Heat shock regime from 45°C to 60°C 
The heat shock regime considers a temperature of 45°C during normal operation time and once 
a week, preferably during night when no tapping has to be compensated, a heat shock is executed 
that heats the DHW to >60°C in order to kill all present Legionella which might already be 
growing in the hot water distribution system. The heat shocks are controlled in a way that 60°C 
is reached at the worst case area of the system for a duration of one hour. The heat shock will be 
most effective if the heated water is distributed to distal outlets. However, in this simulations no 
flushing occurs during the heat shock. The boundary condition for this situation to work as 
planned is that the taps are used shortly after the heat shock. The difference in energy use 
between a heat shock regime and the same system with the conventional 55°C at taps during 
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flow, without heat shock regime, (yellow, 8th bar) is remarkable, only a slight energy use increase 
is noticeable between the 9th (set point constant 45°C) and 10th bar (set point constant 45°C plus 
heat shock regime). The heat shock regime (green, 10th bar) accounts for 43% of energy savings 
in comparison to the conventional scenario (1st bar). Like the 9th scenario, the 10th scenario is not 
allowed (yet) by regulation in public buildings with collective DHW system (in Belgium). Contrary 
to the dangerous 9th scenario, the 10th scenario would limit the L. pneumophila contamination 
risk, as will be shown in Section 6.5.2. 
 
Figure 6.14 Comparison of simulated DHW system design optimisation scenarios. All bars (except for bars 1, 
2 and 5) take 3cm of pipe insulation into account. The yellow (8th and 9th bar) and green (10th bar) bars also 
take new mass flow rate settings and other boiler recirculation settings into account. In the 10th scenario a 
heat shock regime is tested. 
6.5.2 Effect of proposed renovation measures to resolve Legionella pneumophila 
issues 
The second question aims to verify whether the previous proposed best case optimisation 
measures also solve possible L. pneumophila issues and keep the concentrations under control. 
The risk concentration level amounts to 1 000cfu/l. Results for the DHW system are demonstrated 
in Figure 6.15 and Figure 6.16. Figure 6.15 shows the conventional ‘55°C at tap’ regime, which 
means a minimum temperature of 55°C should be reachable at the taps. The fluctuations on the 
water temperatures are rather small, as the power of the heater is well dimensioned to 
compensate for peak events and as the variable mass flow rate regime close to the heat 
exchanger is optimised in order to meet stable water supply temperatures flowing to the 
Heating demand [kWh/(m²·yr)]
System insulation degree: 35%, boiler set point: 70°C (supply)-64°C (return)
3cm pipe insulation, boiler set point: 70°C (supply)-64°C (return)
3cm pipe insulation, boiler set point: 65°C (supply)-60°C (return)
3cm pipe insulation, boiler set point: 55°C at tap
3cm pipe insulation, boiler set point: 45°C at tap
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apartment blocks. The conventional ‘55°C at tap’ regime proves to be sufficient to keep 
L. pneumophila concentrations under control and to decontaminate the DHW system (start 
concentration present of 71 000cfu/l, i.e., the most negative concentration measured). 
 
Figure 6.15 Conventional 55°C regime in the DHW system. Worst case L. pneumophila concentrations are 
demonstrated in blue ‘C_P6_Ba’ on the right ordinate. DHW and DCW temperatures are demonstrated in red 
on the left ordinate. 
Figure 6.16 shows that also heat shocks once a week, from 45°C to 60°C, prove to be sufficient to 
keep L. pneumophila concentrations under control (<1 000cfu/l), while saving energy for DHW. 
The supply temperature to block II ‘T_P4-6_S’ shows that the heat shocks are controlled in a way 
that 60°C is reached at the worst case area of the system for a duration of one hour. In the worst 
case (lowest temperatures in recirculation distribution system), L. pneumophila concentrations 
are demonstrated for the bathroom ‘C_P6_Ba’ (similar to kitchen), with their respective 
temperatures ‘T_P6_Ba’. In between the heat shocks, growth can be noted. The return 
temperature from block II ‘T_P4-6_R’ is similar to the worst case temperatures. 
In between uses, the water in the distal outlets stagnates, meaning the temperatures in these 
distal outlets decrease, causing the growth to become much higher. This is something that is 
included in the simulation model. This problem will occur at every dead pipe end, independently 
of the heater control. Periodical flushing is necessary to adequately reduce concentrations in 
these pipes. Additionally, during a heat shock, it is best to flush the taps, to reduce L. pneumophila 
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Figure 6.16 Heat shock regime in the DHW system. Worst case L. pneumophila concentrations are 
demonstrated in blue ‘C_P6_Ba’ on the right ordinate. DHW and DCW temperatures are demonstrated in red 
on the left ordinate. 
6.6 Discussion and conclusions 
Some discussion arises, as both cold and hot water are contaminated in this case study building, 
there is a small chance that growth is occurring upstream in the distribution network. Check 
valves are present and should adhere to strict rules, however almost no tests on these check 
valves are enforced. If we assume that the check valves do not work, cold and hot water would 
only be in contact when a tap event occurs, but the chances are small that this would be enough 
to have upstream contamination as at that time the volume flow rates will not be zero. 
Chapter 6 shows that simulation models of DHW systems can be developed and have the 
potential to be of great importance in the design, renovation and optimisation of (residential) 
buildings. In this case the Modelica software is applied to case study buildings contaminated with 
L. pneumophila. 
In research question 1 the renovation measures that can be undertaken to optimise DHW 
temperature throughout the system (> 55°C) are investigated. It demonstrates that energy 
savings can be obtained in the DHW system by adding 1 to 3cm of pipe insulation. For the 
conventional ‘55°C at tap’ regime with 3cm of pipe insulation and modified mass flow rates, 29% 
less energy use and much higher DHW temperatures at taps are obtained in comparison to the 
current situation (current situation: 36.5-47.0°C; renovation scenario: 55°C). A heat shock once a 
week from 45°C to 60°C (60°C is reached at the worst case area of the system for a duration of 
one hour) corresponds to 43% less energy use and 45°C at tapping points. 
When these best case optimisation measures are evaluated in terms of L. pneumophila 
concentration (research question 2), the DHW conventional 55°C at tap regime shows no alarming 
L. pneumophila concentrations. The heat shock regime also proves to be suitable when one heat 
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The thermohydraulic model can be considered as a simplified representation of the actual 
installation because making a detailed calibrated and validated model requires a larger amount 
of measurements at various locations at the same time. This is not possible in this extensive hot 
water distribution system because of the limited amount of measurement devices available and 
the inaccessibility of possible measurement spots. A full thermohydraulic calibration of every 
location is however not necessary for the aim of this chapter as the aim is to quantitatively 
compare different renovation measures. 
In conclusion, the obtained results illustrate how the L. pneumophila growth model can assist 
HVAC designers to quantify and decrease the L. pneumophila contamination risk in the design 
phase associated with a building system, as well as to optimise existing DHW and DCW systems. 
The L. pneumophila growth model has an added value compared to traditional thermohydraulic 
simulation models. The evaluation of classic Best Available Technical Measures could also be 
done on the basis of water temperature simulations only, but the added value of the biological 
growth model lies in the possibility to evaluate dynamic methods for Legionella control (such as 
heat shocks). Furthermore, the case study buildings prove that HVAC designers can reduce the 
gross energy use for DHW in existing DHW systems up to 43%, depending on the scenario. 
The next step in this project is for the facility to make a decision on action to be taken. Once 
implemented, there will be an opportunity to monitor energy savings and L. pneumophila 
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Abstract 
Legionella is naturally present in water. The bacteria is almost undetectable in water that enters 
the building. But in tap water installations, situations can occur that stimulate the growth of 
Legionella. The most important controllable growth factors are temperature and volume flow 
rate. Usually Legionella growth is reported in hot water installations, however in some occasions 
Legionella can also grow in Domestic Cold Water (DCW).  
In four case study apartment buildings, in which the cold water distribution system is 
contaminated with Legionella, Legionella concentration and temperature measurements have 
been carried out, in order to investigate the presence of Legionella in the tap water system. 
Additionally, the growth of Legionella in the system has been investigated using a simulation 
model developed by the authors. The model tests different renovation measures for the 
contaminated DCW distribution system on their effectiveness in terms of health and energy use. 
The most effective steps to renovate the cold tap water system to keep it healthy on the long 
term are investigated by simulation. Renovation measures to keep DCW temperatures below 
20°C are investigated. The most effective measures are separating DCW and DHW pipes in 
different shafts and/or adding insulation. Insulating DCW pipes can lower the DCW temperature 
with 4°C (< 20°C at tap). 
The DCW system shows no alarming Legionella concentrations when the best case optimisation 
measures are evaluated, in contrary to the original system.  
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7.1 Introduction 
7.1.1 Background 
Legionella growth is usually reported in hot water installations, as the most dangerous species 
for humans, Legionella pneumophila, does not often occur in Domestic Cold Water (DCW). In DCW 
other Legionella species may occur, though Legionella growth in DCW is rather exceptional. 
In Belgium, technical guidelines for Legionella control exist with which a sanitary installation has 
to comply [277]. The document is comparable to Legionella standards and guidelines throughout 
Europe. This code of good practice is an update (2017) from the Best Available Technical Measures 
handbook for Legionella control in new sanitary systems from 2007. For each new sanitary 
system and each adaptation of an existing sanitary system, it is expected to be designed and 
built entirely conform the prescriptions of the revised Best Available Technical Measures. The 
standard control measures state that water temperatures should be kept outside the interval of 
25°C-55°C, in other words: warm water has to be warm and cold water has to be cold. It is 
recommended to use shaft separation and to insulate cold water main and tap pipes with an 
insulation thickness of 0.9 to 1.3cm (λ = 0.04W/(m·K)). 
The effect of the different part measures on Legionella growth in DCW is assessed in this chapter. 
The authors have developed a Legionella growth model, based on Legionella growth curves in 
water and in biofilm [248]. The model has been calibrated and validated based on results of a 
full scale Legionella test facility [272].  They have thereafter assessed renovation scenarios for 
Domestic Hot Water (DHW) systems, contaminated with L. pneumophila, using building energy 
simulations in order to lower the high DHW energy demand, whilst keeping the DHW system safe 
from contamination [271]. The renovation measures try to keep DCW below 20°C to be considered 
Legionella safe. 
7.1.2 Objectives 
7.1.2.1 Problem statement 
Legionella is naturally present in water. In tap water installations in buildings, situations can 
occur that stimulate Legionella growth. DCW pipes, present with other heating pipes in shafts, 
can heat up and become lukewarm, which is not only unpleasant for drinking and use, but also 
causes Legionella bacteria growth in DCW. The risk assessment for this situation is shown in 
Table 7.1. 
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Table 7.1 Legionella point of risk in a DCW & DHW installation: cold and hot water pipes together in utility 
shaft [118]. 
Point of risk Description 
(Uninsulated) cold and hot water pipes in utility shaft. Utility shafts in buildings contain all kinds of pipes: 
 (uninsulated) cold water pipes, 
 (uninsulated) pipes of the DHW circuit, 
 (uninsulated) heating pipes, 
 water drainage pipes. 
Risk assessment Solution 
There is a continuous flow of hot water through the hot 
water pipes as well as through the heating pipes. Even 
though these pipes are usually insulated, they still 
cause heat gains in the surrounding environment (if 
the insulation thickness equals the diameter of the 
tube the heat delivery is still around 7W/m). These heat 
gains will allow the temperature in the utility shaft to 
rise well above 25°C, which can cause Legionella 
growth in the cold water pipes between water uses. 
The contaminated cold water can also cause 
contamination in the hot water circuit through a mixer. 
Measures need to be taken in existing installations to 
prevent water stagnation in an environment with 
temperature above 25°C for longer than two days, for 
example by performing manual or automatic flushing. 
When building a new technical installation it should be 
avoided to install cold water pipes in such a shaft. 
 
7.1.2.2 Research questions 
In this chapter, case study apartment buildings with a contaminated DCW system are studied. The 
causes of the inadequate temperature distribution are corrected by proposing suitable 
renovation measures. To reach the objective, the following two research questions need to be 
addressed.  
 Which renovation measures can be taken to keep the DCW temperature below 20°C? 
Legionella proliferation in DCW pipes can be avoided by keeping DCW temperature below 20°C 
throughout the cold water distribution system. Below 20°C, the Legionella bacteria become 
dormant. The effect of DCW pipe insulation, technical shaft ventilation and the position of DHW, 
heating and DCW pipes in separate shafts will be investigated in Section 7.3.1. 
 What is the effect of the proposed cold water renovation measures on resolving the 
occurring Legionella issues? 
In Section 7.3.2 an ultimate scenario analysis quantifies the impact of the cold water renovation 
measures on the Legionella concentration. 
7.1.3 Methodology and chapter overview 
Based on the authors’ preliminarily validated Legionella growth model, real building systems can 
be optimised [248], [272]. The most important L. pneumophila growth factors are taken into 
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account in the simulation model, for example: temperature, volume flow rate (variable volume 
flow rates, flow frequency, variable flow duration and stagnation), nutrients and oxygen (lumped 
into one parameter), pipe material, biofilm volume, resistance due to biofilm protection and 
presence of amoebae (lumped into one parameter). 
A case study project is selected, after initial Legionella sampling shows the DCW system to be 
contaminated (Section 7.2). Additionally, further observations and measurements have been 
taken place (Section 7.2.2). Two system simulation models of the case study buildings are 
developed, one per research question, using the Modelica Dymola simulation environment 
(Section 7.2.3). Based on the models, renovation measures to keep the DCW temperature below 
20°C are brought forward in five DCW scenarios (Section 7.3.1). The effect of the proposed 
renovation measures on the DCW system is discussed in Section 7.3.2. 
The measurements took place at the same time, on the same contaminated case study apartment 
buildings, and using the same methodology as the authors’ DHW study [271], in which an 
extensive case study description and extra measurements can be found. 
7.2 Case study 
7.2.1 Case study apartment buildings’ description 
The case study apartment buildings (Figure 7.1) are a group of four out of 200 apartment blocks 
built in 1970 by the Etrimo building company around Brussels in Belgium. The four case study 
blocks have a total of 520 apartments of which DCW is contaminated with Legionella. The 
L. pneumophila analysis of the water samples is performed by the laboratory of WTCB. The culture 
method is used for Legionella analysis, conform ISO 11731:1998 (and ISO 11731:2017). The blocks 
are connected by a collective tap water piping network. Each block is divided into pavilions that 
all have the same floor plan, construction and façade. 
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Figure 7.1 View to the Northwest of blocks I - IV during a site visit, Breughelpark at Zellik, Belgium. 
The DCW measurements have been performed at the cold water taps in the kitchens and 
bathrooms. The samples of 1l are taken according to the OSHA's Water Sampling Protocol and 
analysed by culture. The first sample had been taken immediately to measure the concentration 
in the dead pipe end (long term unused tap), the second sample has been taken after 2 minutes 
to measure the concentration in the water distribution pipes. Concentrations up to 71 000cfu/l 
L. pneumophila have been measured in hot water. This is dealt with in Chapter 6 [271]. In the cold 
water a concentration of 100cfu/l of Legionella species has been measured, which is quite 
exceptional. The drinking water does not contain chlorine residual. 
7.2.2 Case study apartment buildings’ observations and measurements 
DCW pipes are located in the underground and in vertical shafts. They are sensitive to Legionella 
species contamination when the water is heated by the ambient air to temperatures above 20°C. 
The DCW network in the case study buildings is a typical tree distribution system, which is less 
critical than the collective DHW recirculation system with all four apartment blocks being fed 
from one central technical room. In the DCW system, when no tapping takes place, stagnation 
occurs. In a tree distribution system, stagnation will occur more frequently closer to the end of 
the pipe, which means at the higher floors of the case study apartment buildings. The more 
stagnation will occur, the longer the pipe can heat up to beneficial conditions for Legionella 
growth. 
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Figure 7.2 Ambient temperature in the shaft of pavilion 4 ‘P4_Shaft’ supplying bathrooms and temperature 
in the attic of block II (P4-6) ‘P4-6_Attic’. 
The risk of Legionella species in DCW pipes becomes higher, the higher in the technical shaft, as 
two conditions co-occur: first ambient temperature increases with height due to the buoyancy, 
causing inadequate temperature conditions, and secondly stagnation occurs, especially at the 
upper floors of the building blocks as they are closer to the end of the pipe in the tree distribution 
system. DCW temperature measurements at taps confirm that DCW temperature rises above 25°C, 
and Legionella measurements confirm growth of Legionella in DCW as well. Figure 7.2 shows 
DCW, DHW and ambient temperatures in the kitchen of an apartment in pavilion 10, floor 10. The 
temperatures have been measured at the outer pipe surface as close as possible (<1m) to the 
tap. Note that the DCW temperature is higher than the recommended upper limit of 20-25°C in 
the guidelines for Best Available Technical Measures [277]. The same can be seen for the 
bathroom of the same apartment. 
 
Figure 7.3 DCW ‘P10_Ki_DCW’, DHW ‘P10_Ki_DHW’ and ambient temperatures ‘P10_Ki’ in the kitchen of an 
apartment in pavilion 10, floor 10. 
Other relevant temperature measurements are performed and used as input values for the 
simulation model. In Figure 7.3 the ground temperatures at 2 depths 50cm ‘-50cm’ and 20cm 
‘-20cm’, the DCW temperature ‘DCW’, the air temperature in the technical room ‘Technical room’ 
and the outside temperature ‘Weather’, have been measured. The air temperature in the ground 
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Figure 7.4 The ground temperatures at 2 depths 50cm ‘-50cm’ and 20cm ‘-20cm’, the DCW temperature 
‘DCW’, the ambient air temperature in the technical room ‘Technical room’ and outdoor environment 
‘Weather’. 
7.2.3 Simulation environment and case study models 
To compile the system simulation models, Modelica Dymola (Dynamic Modeling Laboratory) is 
used. The Modelica language is suitable for all kinds of physical system modelling. It can handle 
large, complex multi-engineering models and is open for user defined model components, such 
as the biological components required here. The Modelica library 3.2.2 [237], IDEAS library 1.0.0 
[240] and Buildings library 5.0.1 [239] are used. The input data used for the Modelica simulation 
models are the measured temperatures and volume flow rates on the most important accessible 
spots. 
Two different simulation models, addressing both research questions, are made in Modelica 
Dymola. These models are discussed in the following parts. Table 7.2 gives an overview. 
Table 7.2 Overview of the simulation models in relation to the renovation measures investigated. 
 Number of models Aim of the model 
Individual building DCW simulation model  1 (block II) Keeping DCW temperature below 20°C 
Legionella simulation model 1 (block II) Resolving occurring Legionella issues 
 
7.2.3.1 Individual building simulation model to keep DCW temperatures below 20°C 
A simulation model is built to investigate the DCW temperatures in the buildings. The DCW pipes 
are situated near uninsulated DHW pipes in unventilated shafts. Measurements, discussed in 
Figure 7.2 and Figure 7.3, show that the ambient air temperatures in the shafts regularly exceed 
20°C. The simulation model used to simulate DCW renovation measures is shown in Figure 7.5. 
The shafts supplying the kitchens and bathrooms of pavilion 6 are modelled, respectively on the 
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Figure 7.5 Simulation model of the DCW distribution network to block II. Shafts supplying the kitchens (‘Shaft 
K’ on the left) and bathrooms (‘Shaft B’ on the right) of pavilion 6. 
7.2.3.2 Simulation models to resolve occurring Legionella issues 
The thermohydraulic pipe and boiler components in the model of Figure 7.5 are replaced with 
components that include the biological growth models [248]. The Legionella results, shown in 
Section 7.3 are results obtained in the worst case area of the system, being the top of the shaft 
and dead pipe ends in the individual apartments. This worst case area is chosen based on the 
highest DCW temperature measurements. Due to buoyancy, the higher in the technical shaft, the 
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this case, both inadequate temperature conditions (high ambient temperature) and stagnation 
occur together, especially at the upper floors of the building blocks. The DCW pipes are set in a 
tree distribution system, which means the further away from the starting point, the more 
stagnation will occur and thus the longer these pipes can heat up to beneficial conditions for 
Legionella growth. 
7.3 Results 
7.3.1 Renovation measures to keep domestic cold water temperature below 
20°C: Five cold water shaft scenarios 
DHW and DCW pipes are situated together in uninsulated and unventilated shafts, one shaft 
supplying the kitchens and one shaft supplying the bathrooms, surrounded by the ambient 
conditions of two apartments on every floor. The goal is to make sure cold water temperatures 
never exceed 20°C. An additional ventilation flow rate (shaft ventilation to keep DCW pipe 
temperatures below 20°C) is utilised to compare the various simulation scenarios in order to find 
the most cost effective and energy efficient renovation measure(s). In the new Best Available 
Technical Measures [197] concerning Legionella, the Best Available Technical Measures states 
DHW and DCW pipes need to be insulated and located in separate shafts [197]. Five scenarios are 
studied, compared and further developed (Figure 7.6). In the current scenario the uninsulated 
DCW and DHW pipes are located together in an uninsulated, undivided shaft. In the first scenario 
the DCW pipe is located in a separate shaft from the DHW pipe. In the second scenario they are 
located in the same shaft but the DHW pipe is insulated, in the third scenario the DHW and DCW 
pipes are both insulated, in the fourth there is no insulation present but the shaft is divided into 
two and in the last scenario both DHW and DCW pipes are insulated and the shaft is divided into 
two. 
 
Figure 7.6 Five scenarios are studied, compared with the current scenario (two uninsulated pipes in one 
shaft) and further analysed in a DCW system optimisation analysis. DCW (left pipe) and DHW (right pipe) 
pipes are displayed. The fat lines represent 3cm of insulation. 
Figure 7.7 shows the corresponding worst case DCW and kitchen shaft temperatures for the 
various scenarios in Figure 7.6. Temperatures in a kitchen shaft at floor level 12 are illustrated 
since this is the worst case scenario and compared to the tappings of the whole building block 
to clarify the temperature curves. By adding DCW pipe insulation, the water temperatures lower 
significantly during the greatest part of the day. 
apartment apartment apartment apartment apartment
apartment apartment apartment apartment apartment
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Figure 7.7 Corresponding worst case DCW and kitchen shaft temperatures at floor level 12 for the various 
scenarios in Figure 7.6. Ambient shaft temperatures ‘Sh_’ and DCW temperatures ‘L12_’. ‘1’ in the legend 
means that only one pipe is present in the shaft, ‘2’ means that both DHW and DCW pipes are present in the 
same shaft and ‘3’ means that both pipes plus a shaft division is present. ‘H’ represents DHW pipe insulation 
and ‘C’ DCW pipe insulation. 
A summary of the obtained results (in winter conditions) is shown in Figure 7.8. The scenario 
analysis demonstrates that the separation of DCW and DHW pipes in individual shafts (1st 
scenario) immediately represents an enormous optimisation potential, since the larger part of 
transmission, convection and radiation by DHW pipes is blocked immediately. Additional DCW pipe 
insulation lowers the water temperatures further (orange, 5th bar). This scenario, achieving the 
lowest temperature by adding DCW pipe insulation to the obligatory DHW pipe insulation, is 
recommended by the Belgian Best Available Technical Measures [197] and proves to be the best 
scenario. 
 
Figure 7.8 Comparison of the current situation with the ventilation flow rate needed in five DCW system 
scenarios. ‘1’ in the legend means that only one pipe is present in the shaft, ‘2’ means that both DHW and 
DCW pipes are present in the same shaft and ‘3’ means that both pipes plus a shaft division are present. ‘H’ 
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7.3.2 Effect of proposed renovation measures on the domestic cold water system 
Results for the DCW system are shown in Figure 7.9. A dead pipe end is inserted to the DCW kitchen 
pipe. Apparently in the current DCW system, L. pneumophila is not able to grow up to critical 
concentrations in frequently used DCW pipes (in a nine day simulation). DCW sample 
measurements confirm that no L. pneumophila concentrations, but other Legionella species have 
been measured, which are not taken into account in the simulation model (only pneumophila is 
taken into account). However, simulation result ‘C_L12’ shows that L. pneumophila proliferation 
occurs in dead DCW pipe ends, which can contaminate the system on the long term. ‘C_L12’ is 
shown once with a start concentration of 71 000cfu/l (highest L. pneumophila measurement) and 
once with a start concentration of 25cfu/l. At 25cfu/l it takes nine days to reach the 1 000cfu/l 
limit in a dead pipe end. 
 
Figure 7.9 Current DCW system in summer conditions for the kitchen shaft of Block II. Temperatures of the 
worst case areas in the current system (floor level 12 in the shaft supplying the kitchens), are demonstrated 
with corresponding L. pneumophila concentrations (in blue, preceded by the character ‘C’) on the right 
ordinate. DHW temperatures are demonstrated in red on the left ordinate. 
The other DCW scenarios are not discussed here, as even in the current DCW system no critical 
L. pneumophila concentrations are observed in the system. Results for the other scenarios will 
be even better. Results for the dead pipe ends are similar in the other scenarios as these parts 
are uninsulated in all cases. 
7.4 Discussion 
It is uncertain if the suggestions for the DCW system would be 100% effective to eliminate the 
population, since L. pneumophila can remain dormant at low temperatures. A dormant population 
could pose a risk. L. pneumophila can be in a dormant, viable status for approximately two years. 
Research has shown that if DCW heats up, Viable But Non-Culturable (VBNC) cells can become 
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temperature [282], [241], [242], [243]. However, Steinert et al. [114] showed that VBNC Legionella 
cells are not becoming culturable again in animals. 
The model proves that the optimisations for DCW, suggested by the authors, can make a major 
difference in eliminating the Legionella population, as DCW would not be able to heat up over 
20°C, once these renovation measures are executed. 
7.5 Conclusion 
It is feasible to develop simulation models for DCW systems. They can be of great importance in 
designing, renovating and optimising residential building systems. 
The DCW system analysis demonstrates that separating DCW and DHW pipes in individual shafts 
has a large impact on keeping the DCW temperature below 20°C. It represents the largest 
optimisation potential since the larger part of transmission, convection and radiation by DHW 
pipes is blocked immediately, even if DCW pipes are not insulated. Just as the Belgian guidelines 
for Legionella control (Best Available Technical Measures) state [197], DCW pipe insulation can be 
added, additionally to the obligatory DHW pipe insulation, and will lower the DCW temperature 
further by 3 to 4°C during the greatest part of the day. The scenario in which DCW and DHW pipes 
are separated and in which DCW pipe insulation is added, in order to achieve the lowest possible 
temperature, is recommended by the Best Available Technical Measures [197] and proves to be 
the best scenario. 
The DCW system proves to be L. pneumophila safe in the current situation. Although in dead pipe 
ends, L. pneumophila proliferation occurs and can contaminate the system in time, but this is not 
perceived in a nine day simulation. In future research other Legionella species should be added 
to the growth model, as in DCW it is not only L. pneumophila that can be present. 
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8.1 Conclusions 
8.1.1 Conclusions of doctoral thesis chapters 
The literature review in Chapter 1 offers an up to date overview of the system contamination 
process, the effectiveness of water treatment techniques and a research of the modelling 
parameters and specifications. From the literature review we can conclude that the most 
important parameters in the system contamination process for the model are temperature, 
volume flow rate, flow frequency (stagnation), presence of biofilm and nutrients. 
As for water treatment techniques, modelling of decontamination techniques can be done (in 
decreasing number of importance) by pasteurization, shock decontamination, UV radiation, 
copper-silver ionization and chemical treatment. As for modelling techniques, including 
L. pneumophila in conventional DHW models, can be done by modelling L. pneumophila in water 
as a trace substance in the mass conservation equation of the DHW system component. The 
concentration of L. pneumophila can be modelled and the temperature dependency of 
L. pneumophila can be derived from the growth curve of L. pneumophila in water. From the 
analysis of different kinds of biofilm models, the conclusion is drawn that an analytical biofilm 
model fits the purpose of this work and can operate with available information. This means that 
L. pneumophila in biofilm is modelled in the same way as it is modelled in water, except for the 
fact that the temperature dependency is different and should be derived from the growth curve 
of L. pneumophila in biofilm. There is an exchange of bacteria between biofilm and water. A 
certain amount (assumed 95%) of L. pneumophila in water enters the biofilm where it grows and 
once again contaminates running water after being released from the biofilm. We have to take 
into account that the mass conservation of a component as a whole (biofilm and water) needs 
to remain zero. 
In Chapter 2 different existing Legionella regulations and guidelines have been compared. 
Multiple similarities can be noted. There is a broad unification of three principles, despite 
different regulatory frameworks. First, almost all guidelines have a section about avoiding and 
monitoring critical spots in a hot water installation to limit possible contamination. Secondly, 
measures to avoid water stagnation in certain parts of the systems, to avoid L. pneumophila 
proliferation, are mentioned in several guidelines. Thirdly, the most commonly used measure in 
a lot of countries is the requirement of a sufficiently high temperature to prevent the growth of 
L. pneumophila. In most countries hot water temperature requirements are set for the water 
heater, the return loop and the points of use as well as cold water temperature requirements. 
EWGLI recommends that the total volume of the storage tank needs to be heated up to 60°C for 
at least an hour a day or a week, depending on the risk. It should be possible to achieve a 
temperature of 70°C at every tap. Cold water temperature should be kept below 25°C. The 
temperature at the end of the circulation system cannot be more than 5°C lower than the 
temperature of the supply at the storage tank. The code in China states that the hot water storage 
device of the system shall be designed to operate at 60°C and that water temperature in all 
distribution pipework shall be at least 50°C. Other standards like ASHRAE do not provide a large 
amount of guidance on temperatures or water treatment strategies, except for the temperatures 
mentioned in the draft BSR/ASHRAE Standard 188P that have not been translated into ASHRAE 
Standard 188. 
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Notwithstanding the multiple similarities, it can also be noted that current Legionella regulations 
and guidelines have some differences. First, the target group is often very specific. A large 
proportion of the documents is applicable on a limited group of buildings, namely healthcare or 
cooling towers. In healthcare facilities the risk of infection is higher due to user age and/or health 
status. Furthermore, the typical type of system present in hospitals is a circulation system, which 
is more vulnerable to Legionella infection. Other services like collective DHW systems in sport 
centers or apartment buildings are often not part of the guidelines or regulations, only 
sufficiently high temperature should be kept in their storage tanks. This is at least remarkable 
because the European Union guidelines and regulations (EWGLI) do not limit themselves to public 
establishments and their measures are valid for both cold and hot water installations. Secondly, 
the definition of dangerous Legionella concentration levels varies between countries. EWGLI 
demands different measures for concentrations between 1 000 and 10 000cfu/l and more than 
10 000cfu/l. European countries are not obliged to follow the critical concentrations set by EWGLI 
causing differences between countries. The defined critical concentration limit is lowest in The 
Netherlands with 100cfu/l for priority institutions. In neighboring Belgium, a similar device (for 
example of a hospital) should be closed for use after repeated occurrence of 1 000cfu/l in the 
installation. A factor 10 difference is at least remarkable in a period of ever-increasing integration 
of European legislations. Most non-European documents (like ASHRAE) do not include critical 
levels, nor do they provide a large amount of guidance on testing limits. Finally, most guidelines 
and regulations are talking about Legionella in general, but L. pneumophila is actually meant, 
this could be specified in future updates and unification of guidelines. 
After comparing different existing Modelica pipe and boiler models in Chapter 3, those 
components that are most compatible with the goals of this study and that could be extended to 
model L. pneumophila concentration in DHW are selected. Simulation model components that 
allow to investigate the contamination risk for L. pneumophila in a DHW system are 
developed/updated. Some first proof of concept results are presented for a simple system 
application. The first proof of concept shows that the growth curves and equations can be 
translated into a dynamic simulation model, responding to temperature and mass flow rate 
variations. The simulation results confirm that, if the mass flow rate is low, more L. pneumophila 
is present in the system, so stagnant areas are the most dangerous. Insulation should be added 
to the primary piping network, to keep the temperatures out of the critical temperature range. 
Additionally to the system conclusions, some simulation conclusions can be drawn. The length of 
one pipe volume segment can be up to 10m. No significant differences in concentration are seen 
for smaller pipe volume segment lengths. The smaller the timestep, the more accurate the 
results, although for a timestep of 100s or less, sufficient L. pneumophila results are obtained. 
In Chapter 4, the coupled thermohydraulic and biologic simulation model is preliminarily 
calibrated and validated, first based on temperature and mass flow rate measurements 
(thermohydraulic validation) and secondly on L. pneumophila measurements (biologic 
validation), both performed in a full-scale test facility. The comparison between simulated and 
measured values shows a good fit of the calibrated model in comparison to standard acceptance 
criteria. RMSE-values between 0.51 and 2.15K, MBE-values between -0.010 and 1.199% and 
CV(RMSE) between 0.158 and 0.734% are achieved for the validation of the thermohydraulic 
system simulation model, with insulation, mass flow rate and cold water temperature as most 
sensitive model parameters. For the validation of the biologic simulation model, RMSE-values 
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between 435cfu/l and 714cfu/l, MBE-values between -0.000527% and -0.000561% and CV(RMSE) 
between 0.00069% and 0.00133% are achieved, with biofilm volume, mass transfer coefficient 
between biofilm and water and the growth equations for L. pneumophila in water and biofilm as 
most sensitive model parameters. 
In Chapter 5 a simulation model has been developed that allows investigating the contamination 
risk for L. pneumophila in the design phase of a DHW system in dynamic conditions. With the 
simulation model, the authors have been able to thoroughly assess the contamination risk 
associated with the design of a recirculation DHW system of a case study apartment building (132 
apartments). As measurements confirm that no L. pneumophila contamination is present in the 
DHW system, the influence of design and operation parameters has been tested and temperature 
regimes have been optimised in order to save energy without increasing L. pneumophila 
contamination risk. Modelling a residential case study building has pointed out a considerable 
L. pneumophila proliferation risk in the boiler vessels and dead pipe ends. The heat shock 
regulation proves to be of high potential. A set point temperature of 37°C (instead of 60°C), in 
combination with dynamic heat shocks (to 65°C) once 100cfu/l has been reached, shows that it 
is possible to reduce the energy demand for DHW with 38% in comparison with a constant high 
temperature regime of 60°C.  
In Chapter 6 the simulation model is applied to case study buildings contaminated with 
L. pneumophila. The renovation measures that can be taken to optimise DHW (> 55°C) and DCW 
(< 20°C) temperatures throughout the system are investigated. 
It is demonstrated that energy savings can be obtained in the DHW system by adding 1 to 3cm of 
pipe insulation. For the conventional ‘55°C at tap’ regime with 3cm of pipe insulation and 
modified mass flow rates, 29% less energy use and much higher DHW temperatures at tap are 
obtained in comparison to the current situation (current situation: 36.5-47.0°C; renovation 
scenario: 55°C). A heat shock once a week from 45°C to 60°C (60°C is reached at the worst case 
area of the system for a duration of one hour) corresponds to 43% less energy use and 45°C at 
tapping points. When these best case optimisation measures are evaluated in terms of 
L. pneumophila concentration, the DHW conventional 55°C at tap regime shows no alarming 
L. pneumophila concentrations. The heat shock regime also proves to be suitable when one heat 
shock is executed every week. 
In Chapter 7, the DCW system analysis demonstrates that separating DCW and DHW pipes in 
individual shafts is of great importance in order to keep the DCW temperature below 20°C. It 
represents the largest optimisation potential since the larger part of transmission, convection 
and radiation by DHW pipes is blocked immediately, even if DCW pipes are not insulated. Just as 
the guidelines for Legionella control (Best Available Technical Measures) state, DCW pipe 
insulation can be added, additionally to the obligatory DHW pipe insulation, which will lower the 
DCW temperature further with 3 to 4°C during the greatest part of the day. The scenario, in which 
DCW and DHW pipes are separated and achieve the lowest temperature by adding DCW pipe 
insulation to the obligatory DHW pipe insulation, is recommended by the Best Available Technical 
Measures and proves to be the best scenario. The DCW system proves to be L. pneumophila safe 
in the current situation. Although in dead pipe ends, L. pneumophila proliferation occurs, which 
can contaminate the system in time, this is not perceived in a nine day simulation. 
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The thermohydraulic model can be considered as a simplified representation of the actual 
installation, because making a detailed calibrated and validated model requires a larger amount 
of measurements at various locations at the same time. This is not possible in this extensive hot 
water distribution system, because of the limited amount of measurement devices available and 
the inaccessibility of possible measurement spots. A full thermohydraulic calibration of every 
location is however not necessary for the aim of this chapter as the aim is to quantitatively 
compare different renovation measures. 
In conclusion, the obtained results illustrate how the L. pneumophila growth model can assist 
HVAC designers to quantify and decrease the L. pneumophila contamination risk in the design 
phase associated with a building system, as well as to optimise existing DHW and DCW systems. 
The L. pneumophila growth model has an added value compared to traditional thermohydraulic 
simulation models. The evaluation of classic Best Available Technical Measures could also be 
done on the basis of water temperature simulations only, but this case study proves that the 
added value of the biological growth model lies in the possibility to evaluate dynamic methods 
for Legionella control (such as heat shocks). Furthermore, the case study buildings prove that 
HVAC designers can reduce the gross energy use for DHW in existing DHW systems up to 43%, 
depending on the scenario. We can conclude that simulation models of DHW systems can be 
developed and have the potential to be of great importance in the design, renovation and 
optimisation of (residential) buildings. 
8.1.2 General conclusion 
Overall, it can be concluded that the coupled dynamic model confirms the experimental literature 
findings. It can also be confirmed that the general design rules of good practice and guidelines 
work and that the current standards are safe: in practice, a DHW temperature of above 55°C 
reached at the tap and DCW below 20°C are safe assumptions. Also, it can be noted that low 
volume flow rates cause more L. pneumophila growth over time. 
In literature, these conclusions were made based on static methods, by performing experiments. 
The model developed in this dissertation makes it possible to quantify the general literature 
findings over time. The added value of the biological growth model thus lies in the possibility to 
evaluate dynamic methods for L. pneumophila control. Rolling out the model in practice shows 
that the gross energy use for DHW can be reduced by 30-45%, by implementing heat shock 
regimes. 
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8.2 Limitations 
8.2.1 Component model limitations 
Diffusion between two water segments, in a pipe model and in between pipe models, is not taken 
into account. Diffusion in pipes is only taken into account with the modified T-section, meaning 
that only a small concentration of L. pneumophila (concentration present in water volume of 
10cm pipe length) is recontaminating the primary circulation line. 
Rhoads et al. [283] explore how pipe orientation (upward or downward connected pipe) can 
affect the temperature profile in distal ends. However, stratification is not included in the pipe 
model, so the effect described in the paper cannot be studied with the current pipe models. 
8.2.2 Limitations of parameter assumptions 
Some biological parameter assumptions in the model (Vb, kc, K, biofilm curve) need further 
biological research. The model is however conceived in a way that these parameters can be 
replaced easily at a later stage. In the meantime safe assumptions are made, however this limits 
the energy saving potential. 
A fully grown biofilm with constant thickness (Vb) is taken into account to model the most 
negative situation in terms of L. pneumophila presence. 
The mass transfer coefficient kc is the same for the intake of L. pneumophila from water into 
biofilm and for the emission of bacteria from biofilm to water. It is also the same for straight 
pipe sections and bends. Local effects are translated into a global kc parameter (e.g. back flow of 
water after a bend). 
Nutrients are coupled to the mass conservation equation via the carrying capacity K, meaning 
that nutrients are always present in a constant amount, but no source or sink is coupled to the 
parameter (e.g. not including nutrients decay, because they are eaten by L. pneumophila). The 
way nutrients are taken into account for the moment can be considered as most negative 
(highest possible concentration of L. pneumophila). The nutrients parameter is a lumped 
parameter (e.g. oxygen, iron). This parameter could be split into other traces that affect each 
other. However, no mathematical models are available in literature, to include all influence 
parameters separately into the model. Besides, this would slow down the computational time 
significantly. Natural mortality of L. pneumophila is not taken into account in the simulation 
model, but even in a dormant stage L. pneumophila can survive for more than two years [282], 
[241], [242], [243]. In the simulation model L. pneumophila cells are not able to shift in a VBNC, 
dormant cell state, while a dormant population could pose a risk. Research has shown that if DCW 
heats up, VBNC cells can become culturable, and in some cases they might be more virulent due 
to increased resistance to temperature [282], [241], [242], [243]. 
The growth curve for L. pneumophila in biofilm is based on experiments from Cervero-Aragó et 
al. [106]. As they did not test all water temperatures, there is a lack of data, especially in the 
range between 20°C and 35°C. Since future experimental data may further detail this part of the 
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growth curve, the implementation as an equation provides a flexible way to correct the model 
according to new insights at a later stage. 
8.2.3 Calibration limitations 
The model is considered to be preliminarily calibrated and validated for a set point temperature 
of 45°C and a heat shock temperature of 60°C and 65°C. The model cannot be considered fully 
calibrated and validated as other temperature and mass flow rate regimes can occur in reality 
and other locations in the hydraulic system, as well as other Legionella species, require further 
testing. Thermohydraulic calibration and validation was done with two thermal shocks (week 3 
and 6). Apart from the extra circulation over the boiler, these shocks are relatively similar. The 
thermohydraulic model can be considered as validated for DCW systems, whereas the biologic 
model cannot. A separate validation for DCW is necessary, as other Legionella species are present 
in cold water. Given the importance of the correctness of the model and the possible impact on 
human health, further model calibration with a less complex test rig is necessary in future 
research. 
Although of great value, the currently used test rig also has some limitations. It would have been 
easier to calibrate all components separately in a smaller test rig. However, it should be kept in 
mind that an elaborate system with large water volumes is needed to let the L. pneumophila 
concentration grow sufficiently. The boiler component could have been simpler. First, for 
example, the spiral in the boiler (containing air) could have been removed as the resistor was 
heating the boiler during the tests. Secondly, it would have been of great interest to know the 
exact position of the resistor in the boiler. Thirdly, the boiler was already used before the start 
of the experiments, meaning a layer of biofilm was already formed on the interior surfaces. Other 
limitations of the test rig were the limited power of the boiler that was not enough to perform a 
heat shock, meaning water was preheated before entering the boiler. It has also been noticed 
that the distal pipes were located close to a radiator and the bottom of the boiler was not 
insulated in the beginning of the tests. The expansion vessel has been removed during the tests, 
as it was influencing the results. 
Some aspects would have made the validation easier, for example if higher insulation levels 
would have been present in the test rig, as heat loss to the environment is avoided in that way. 
Another limitation was the lack of short term L. pneumophila measurements, for example, every 
ten minutes after the heat shock had been performed. This was not feasible due to the overhead 
of manual labour at the current laboratory. The measurement error on the biologic 
L. pneumophila measurements is one log. 
8.2.4 Case study limitations 
The stagnation time has not been measured before taking the water samples. Some researchers 
have been looking into standardizing stagnation time prior to sampling, but an optimal time has 
not been established. This is something that can be studied with the simulation model in future 
research. 
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In the case study simulation models, the impact of the new temperature regimes (lowering DHW 
temperature) on dimensioning the components (larger tanks at lower temperature) is not taken 
into account. This is something that should be done in reality by HVAC designers. 
8.3 Perspectives 
8.3.1 Research opportunities 
As seen in Chapter 1, there are a multitude of factors that can influence how L. pneumophila 
colonizes biofilms, and likely many more that remain to be uncovered. Although there have been 
significant advances in understanding L. pneumophila biofilm formation and colonization, there 
is much that remains unknown. The presence of other microbial species and physiochemical 
parameters are all factors that could potentially be exploited to prevent colonization of 
L. pneumophila in DHW systems. Another question that remains to be answered is to what extent 
the intracellular lifestyle in amoebae contributes to L. pneumophila biofilm resistance to 
decontamination in situ. More research is needed on the subject to allow for more detailed 
modelling. We know from literature that multiplication of L. pneumophila between 20°C and 
30°C is quicker if Legionella is present in the biofilm, but we cannot yet quantify it. Based on 
future research this part of the growth curve can be replaced at a later stage. 
A thorough knowledge and understanding of L. pneumophila ecology in relation to biofilm 
communities is of primary importance to make a simulation model in search of innovative and 
effective control strategies to prevent the occurrence of Legionella disease cases. Future research 
is needed on several aspects, like for example biofilm detachment rates, the distribution of 
L. pneumophila bacteria in the biofilm, biofilm thickness and whether or not there is exchange of 
bacteria in the biofilm along the pipes axis. Ultimately, future research can yield valuable 
information that can lead to solutions for prevention of and protection against against 
L. pneumophila contaminations. 
The work performed in Chapter 3 has some limitations. First, a fully developed biofilm is taken 
into account. This can result in an overestimation of the predicted L. pneumophila concentration 
when the system is used for the first time. The volume of biofilm is considered to be 1/10th of the 
pipe/boiler volume (for a straight pipe). In future, this current simplification can be updated. It 
can also be a future option to take biofilm growth/decay (and its change in roughness) into 
account dynamically. A second limitation is that the biofilm temperature is considered to be the 
same as the water temperature. This is correct for well insulated systems, but will deviate for 
uninsulated or poorly insulated systems. 
The work performed in this chapter could also be expanded in some ways. First, the component 
models are validated based on growth curves. These growth curves are, however, conceived in 
laboratory conditions. The model will need to be further calibrated and validated dynamically 
based on DHW system measurements. Secondly, L. pneumophila transmission is caused by 
inhaling the aerosols from for example showerheads, however simulating the system 
contamination risk is chosen over modelling the risk of aerosol inhalation. The authors of this 
work wanted to tackle the system contamination risk first. If L. pneumophila is not present in the 
CONCLUSIONS 203 
system, it will be impossible to get contaminated by inhaling aerosols. For use in exposure 
studies, a model for aerosol formation and inhalation risk could be added to create a tool chain 
that can take the complete exposure pathway into account. 
In Chapter 4, the coupled thermohydraulic and biological simulation model is considered 
calibrated and validated for a set point temperature of 45°C and a heat shock temperature of 
60°C and 65°C. Given the importance of the correctness of the model and the possible impact on 
human health, further model calibration at a broader temperature range is planned in future 
research at Ghent University. 
Given the sensitivity of the predicted concentrations in the biofilm model, the choice of model 
parameters, when extending it to real case DHW systems, should be rather conservative to stay 
on the safe side. A ‘biofilm box’ system (Annex 4G Figure A4.11), composed of coupons, has been 
installed in the distribution system of the test rig to collect the biofilm. Parameters for 
L. pneumophila growth in biofilm can be validated further in future research, based on the biofilm 
studies performed in the test facility. 
The same can be said for the growth equations of L. pneumophila in water. They are conceived 
under perfect laboratory circumstances, meaning ideal growth conditions, as L. pneumophila is 
stress sensitive. Using these equations in real case study building systems will result in an 
overestimation of the concentration of L. pneumophila present, guaranteeing a safe system. The 
volume of biofilm and the mass transfer between biofilm and water are two parameters that 
need further biological research. In future, parameter values can be replaced or chosen more 
realistically for a certain case to save more energy. 
The decontamination study of Chapter 6 could be extended in future, by integrating alternative 
decontamination treatments into the model, like UV radiation, copper-silver ionization and 
chemical treatment, such as the addition of biocides. 
The analyses performed in Chapter 7 could be repeated in future research with other Legionella 
species added to the growth model, as especially for DCW this can influence the results, because 
in DCW it is not only L. pneumophila that can occur. 
8.3.2 Taking it to practice 
To conclude this dissertation, the final question to be asked is ‘How can this simulation model be 
used in the field?” When starting this PhD, one of the expected outcomes was guidelines for 
different types of DHW system configurations. By performing this research, it is clear that no 
guidelines with standard fixed periods for performing a heat shock can be proposed, as the 
periods are dependent on the specific system design and use profiles and thus need to be set 
case by case. 
Simulating these systems can provide a solution. Designers or consultants would need the 
following inputs on their case study building, in order to use the model: pipe lengths, pipe 
material, insulation degree and lambda value, volume of boiler, material of boiler, insulation 
degree of boiler, the number of taps and optionally typical tap profiles. It is realistic for designers 
or consultants to have all of these elements, as they can be collected from the hydraulic plans. 
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Collecting them will of course take some time. No Legionella specific parameters need to be 
defined by the user itself. 
In the past, heat shocks were already performed on a regular base (every seven days), but this 
dissertation shows clearly that this practice is, depending on the building, either very unsafe or 
a waste of energy. This research, together with the filed patent (priority request), offers a 
profound base for a valorisation trajectory - started in November 2018 and financed by IOF, the 
industrial research fund of Ghent University - with the aim to implement the simulation model 
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Annex 2A  
 
Figure A2.1 Literature search on keyword "Legionella pneumophila" in all fields gave 7 615 results. 
 
  
Figure A2.2 Literature search on keyword "Legionella pneumophila" in abstract, title, keywords gave 1 109 
results. 
Annex 2B 
World Health Organisation 
WHO currently provides information and guidance on Legionella risk assessment and 
management in seven principal documents: 
 Epidemiology, prevention and control of Legionellosis [284] 
 Recommended surveillance standards [285] 
 Guidelines for drinking-water quality [286] 
 Revision of the international health regulations [287] 
 Guidelines for safe recreational water environments [288] 
 Guide to ship sanitation [191] 
 Legionella and the prevention of Legionellosis [15] 
European Working Group for Legionella Infections (government) 
Limiting possible contamination can be done using the following principles: 
 Preparation of a risk assessment and management plan, in combination with regular 
measurements. 
 Presence of temperature sensors at the start and return of the circuit. 
 Presence and use of valves in circuits to isolate parts that will not be used during a 
longer period of time. 
 Presence of inspection covers at the level of the non-return valves. 
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An overview of measures affecting temperature in the installation is given below: 
 When a storage tank is present, the total volume of the tank needs to be heated up to 
60°C for at least an hour a day or a week, depending on the risk.  
The authors state that there is some evidence that this may not be sufficient and that 
this temperature is often kept constant for reasons of safety and simplicity. 
 It should be possible to achieve a temperature of 70°C at every tap. 
 When a circulation distribution system is present, the temperature at the end of the 
circulation system cannot be more than 5°C lower than the temperature of the supply 
at the storage tank. An exception to this rule is the use of end-use pipes at the different 
outlets that are no longer than 5 meters and contain less than 3 liters. 
 Insulated pipes cause less heat loss, meaning supply and return temperatures vary 
less and adaptation of the allowed volume flow rate is not necessary. 
 The authors state that insulating all pipes is not always the best solution. End-use 
pipes should cool down as soon as possible to limit the amount of time spent in the 
critical temperature range for Legionella growth, so insulating them should be 
avoided. 
 Cold water temperature should be kept lower than 25°C to prevent growth in the cold 
water circuit. 
 To avoid cold water heating up and hot water cooling down, cold and hot water pipes 
cannot be located too close to each other. 
The following measures avoid stagnation of water in certain parts of the system and prevent 
proliferation of L. pneumophila: 
 A simple system with few turns reduces pressure loss and the risk of water stagnation. 
 Regular use of hot water avoids dead pipe ends (i.e., tap that is no longer used). 
 Rarely used outlets need to be installed upstream to limit the length of pipes with 
stagnant water. 
 Pipes need to be flushed after a period without water use. 
 Buffer reservoirs should be limited in size and number. 
 Uninsulated distribution pipes ensure that stagnant water stays in the critical 
temperature range for a shorter time, as it cools down rapidly to room temperature. 
The authors indicate that this contradicts earlier information. 
Germany 
In Germany, there is Code of practice W551 (2004) for drinking water installations which 
recommends some best plumbing practices, including [194], [195]: 
 Keeping the stored water volume small. 
 Keeping hot water temperature above 60°C when leaving the hot water tank and at 
or above 55°C in circulation distribution pipes. This is in accordance with DIN1988-
200, section 10.2.3. 
 Keeping non-circulating (like end-use) pipes short. 
 Avoiding stagnation. 
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 Regular maintenance and inspection of the system. 
 Rehabilitation, such as the use of insulation and the use of electronic self-flushing 
taps. 
 Performing hygienic-microbiological examinations. 
China 
The Code of Practice for Prevention of Legionnaires’ Disease contains several chapters: 
 Guidelines on design, operation and maintenance of water using apparatus. 
 Collection of water samples from water using apparatus for testing Legionella, 
Heterotrophic Colony Count (HCC) and other water quality parameters. 
 Control measures during outbreak of Legionnaires’ Disease. 
 Design, operation and maintenance records. 
 Handling garden soils, composts and potting mixes 
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Annex 3A 
Alternative approach to determine multiplication time (y and yb) 
More explanation alternative approach 
The rate of increase of L. pneumophila in water is temperature dependent. Because it is necessary 
to know the growth rate at every timestep, a function is created in Modelica which returns the 
growth rate y. Growth coefficient y is a time constant [s] to predict growth or death of 
L. pneumophila in water. y in Equation 4 is dependent on water temperature T in the pipe or boiler 
component. y2 (time to reduce L. pneumophila with 90%, 10% remains) is rewritten as a negative 
mean generation time to express only one y-value. Equations of y are made for L. pneumophila 
in water, based on piece-wise fitting of the curve presented in literature, in Figure table3.2A and 
Figure table3.2B. The chosen function is based on the behaviour of the curve in the determined 
temperature region (linear, polynomial and constant) (Equation A3.1). 
T ≤ 20°C y = 1 000 000  
20°C < T < 25°C y = -128 996.48·T+3 579 929.60 
25°C ≤ T < 44°C y = 2.9988090226·T4-473.8259729333·T3 +28 717.2386165937·T2 
 -793 367.9422568690·T+8 473,063.073695 
44°C ≤ T < 45°C y = 230 040·T-10 082 880 
45°C ≤ T < 48°C y = -4.62917026659765·1036·T-20.5367087417573 
48°C ≤ T < 70°C y = -4.62917026727924·1039·T-20.5367087418 
70°C ≤ T < 80°C y = 5.53698974855826·T-501.797170301305 
T ≥ 80°C y = -58.8512781290245 (A3.1) 
Growth coefficient yb is a function to predict growth or death of L. pneumophila in biofilm. yb in 
Equation 7 is dependent on water temperature T in the pipe or boiler component. yb was originally 
split up into y3, y4 and y5.  y3 is the mean generation time in biofilm (time to double the number 
of cells), y4 is the decimal reduction time in biofilm (time to reduce L. pneumophila with 90%, 10% 
remains) and y5 is the 4 log reduction time in biofilm (time to reduce L. pneumophila with 99.99%, 
0.01% remains). Growth coefficient y5 is added for growth of L. pneumophila in biofilm based on 
the results of Cervero-Aragó (2015). y4 and y5 are rewritten as negative mean generation times 
to express only one y-value. Equation A3.2 is the equation of yb for L. pneumophila in biofilm, 
based on piece-wise fitting of the curve and measurement points presented in literature, in 
Figure table3.2A and Table 3 1. The chosen function is based on the behavior of the curve in the 
determined temperature region (linear, polynomial and constant). 
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T ≤ 20°C yb = 1 000 000 
20°C < T < 25°C yb = -128 996.48·T+3 579,929.60 
25°C ≤ T < 44°C yb = 2.9988090226·T4-473.8259729333·T3+28 717.2386165937·T2 
 -793 367.9422568690·T+8 473 063.073695 
44°C ≤ T < 45°C yb = 393 120·T-17 258 400 
45°C ≤ T < 50°C yb = -1.30591637266212·106·T-5.73311638328041·107 
50°C ≤ T < 70°C yb = -6.16712951164611·1042·T-21.8803778292 
70°C ≤ T < 80°C yb = 22.147958994233·T-2007.18868120522 
T ≥ 80°C yb = -235.405112516098    (A3.2) 
Original functions alternative approach 
To model L. pneumophila growth in water in a pipe, Equation 4 was originally split up into 
Equation A3.3 and Equation A3.4. 
















Growth coefficients y1 and y2 are time constants [s] to predict growth (y1) or death (y2) of 
L. pneumophila in water. y1 in Equation A3.3 and y2 in Equation A3.4 are dependent on the water 
temperature T in the pipe component. y1 is the mean generation time in water (time to double 
the number of cells), y2 is the decimal reduction time in water (time to reduce L. pneumophila 
with 90%, 10% remains). y1 is the mathematical translation of Figure table3.2A and y2 of 
Figure table3.2B. Equations of y1 and y2 are made for L. pneumophila in water, based on curve 
fitting (Equation A3.5). 
T ≤ 20°C y1 = 1,000,000 
20°C < T < 25°C y1 = -128,996.48·T+3,579,929.60 
25°C ≤ T < 44°C y1 = 2.9988090226·T4-473.8259729333·T3+28,717.2386165937·T2  
-793,367.9422568690·T+8,473,063.073695 
44°C ≤ T < 45°C y1 = 230,040·T-10,082,880 
45°C ≤ T < 48°C y2 = 139,351,910,528,172·1025·T-20.5367087417573 
48°C ≤ T < 70°C y2 = 13,935,191,054,869·1026·T-20.5367087418 
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70°C ≤ T < 80°C y2 = -1.6668·T+151.056 
T ≥ 80°C y2 = 17.716      (A3.5) 
To model L. pneumophila growth in biofilm in a pipe, Equation 7 was originally split up into 
Equation A3.6, A3.7 and A3.8. 
























Growth coefficients y3, y4 and y5 are functions to predict growth (y3) or death (y4, y5) of 
L. pneumophila in biofilm. y3 in Equation A3.6, y4 in Equation A3.7 and y5 in Equation A3.8 are 
dependent on the water temperature T in the pipe component. y3 is the mean generation time in 
biofilm (time to double the number of cells), y4 is the decimal reduction time in biofilm (time to 
reduce L. pneumophila with 90%, 10% remains) and y5 is the 4 log reduction time in biofilm (time 
to reduce L. pneumophila with 99.99%, 0.01% remains). Growth coefficient y5 is added for growth 
of L. pneumophila in biofilm based on the results of Cervero-Aragó (2015). Equation A3.9 are the 
equations of y3, y4 and y5 for L. pneumophila in biofilm. 
T ≤ 20°C y3= 1,000,000 
20°C < T < 25°C y3= -128,996.48·T+3,579,929.60 
25°C ≤ T < 44°C y3= 2.9988090226·T4-473.8259729333·T3+28,717.2386165937·T2 
 -793,367.9422568690·T+8,473,063.073695 
44°C ≤ T < 45°C y3= 393,120·T-17,258,400 
45°C ≤ T < 50°C y4= 393,120·T-17,258,400 
50°C ≤ T < 70°C y5= 46,412,274,253,751·1028·T-21.8803778292 
70°C ≤ T < 80°C y5 = -1.6668·T+151.056 
T ≥ 80°C y5 = 17.716       (A3.9) 
To take K into account Equation A3.3, Equation A3.4, Equation A3.6, Equation A3.7 and Equation 
A3.8 become respectively Equation A3.10, Equation A3.11, Equation A3.12, Equation A3.13 and 
Equation A3.14. 
























































This alternative approach gives the same results as the finally used approach. 
Annex 3B 
Finally used approach to determine multiplication time (y and yb) 
In the finally used approach, the function is organized differently by fitting a polynomial through 
the defined points in Modelica, i.e., a vector containing temperature points and a vector 
containing the corresponding multiplication time of L. pneumophila. The points are the same as 
in the alternative approach, determined from literature, used with an interval of 1K as shown in 
Table A3.1.  
Table A3.1 Temperature and L. pneumophila concentration multiplication time points. 
T [°C] y [s] yb [s] 
20 1000000.0 1000000.0 
21 905191.0 905191.0 
22 767170.0 767170.0 
23 612057.0 612057.0 
24 465967.0 465967.0 
25 355018.0 355018.0 
26 284428.0 284428.0 
27 236787.0 236787.0 
28 204267.0 204267.0 
29 179038.0 179038.0 
30 153274.0 153274.0 
31 127981.0 127981.0 
32 108379.0 108379.0 
33 92956.7 92956.7 
34 80201.3 80201.3 
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35 68601.6 68601.6 
36 58904.6 58904.6 
37 52118.2 52118.2 
38 47121.7 47121.7 
39 42794.5 42794.5 
40 38016.0 38016.0 
41 38100.0 38100.0 
42 38200.0 38200.0 
43 41000.0 41000.0 
44 55000.0 38880.0 
45 250000.0 -116097400.6 
45 -80953.0 -116097400.6 
46 -51175.0 -117403317.0 
47 -30103.0 -118709233.3 
48 -16557.0 -120015149.7 
49 -8127.8 -121321066.1 
50 -4263.0 -413026.0591 
51 -2408.2 -267794.9888 
52 -1384.7 -175098.1485 
53 -782.68 -115418.5357 
54 -451.54 -76674.87117 
55 -301.03 -51320.37993 
56 -180.62 -34599.39632 
57 -123.42 -23489.71816 
58 -90.309 -16055.07339 
59 -67.732 -11045.15906 
60 -52.17 -7646.485565 
61 -42.144 -5325.884319 
62 -34.618 -3731.433315 
63 -28.297 -2629.250731 
64 -24.082 -1862.871123 
65 -20.771 -1326.947846 
66 -18.643 -950.1108603 
67 -17.378 -683.7170992 
68 -15.879 -494.4196052 
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69 -13.114 -359.2280101 
70 -10.349 -456.8315516 
71 -9.8477 -434.6835926 
72 -9.3459 -412.5356336 
73 -8.8441 -390.3876746 
74 -8.3424 -368.2397156 
75 -7.8406 -346.0917566 
76 -7.3389 -323.9437976 
77 -6.8371 -301.7958386 
78 -6.3354 -279.6478797 
79 -5.8336 -257.4999207 
80 -5.3318 -235.4051125 
Annex 3C 
Explanation of conservation equations 
Continuity equation 
A continuity equation is an equation that describes the transport of some quantity. The majority 
of physical phenomena can be described using continuity equations, e.g., mass, energy and 
momentum as they are conserved under their respective appropriate conditions. The differential 




𝜌 + 𝛻𝑗 = ?̇? (A3.15) 
With: 
 ρ [kg/m³] Amount of quantity q per unit volume (density) 
 j   Flux of q 
 ?̇?   Source or sink 
Conservation of mass (medium: water with L. pneumophila)  
In Fluid Dynamics, the mass conservation equation states that the rate at which mass enters a 
system is the rate at which it leaves the system: 𝛻𝜌 · 𝑣 summed with the accumulation of mass 
within the system: 
𝜕
𝜕𝑡




𝜌 + ∇𝜌 · ?⃗? = 0 (A3.16) 
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With: 
 ρ [kg/m³] Amount of quantity q per unit volume (density) 
 ?⃗? [m/s]  Velocity 




𝜌 + 𝜌 ·
𝜕
𝜕𝑥
𝑣𝑥 = 0 (A3.17) 




𝜌 · 𝑑𝑉 = ∬
𝜕
𝜕𝑥
𝑣𝑥 · 𝑑𝐴 (A3.18) 
Solving this integral gives Equation A3.19. 
  𝑉 ·
𝑑𝜌
𝑑𝑡
= 𝜌𝑖𝑛·𝑣𝑖𝑛 · 𝐴𝑖𝑛 − 𝜌𝑜𝑢𝑡 · 𝑣𝑜𝑢𝑡 · 𝐴𝑜𝑢𝑡  (A3.19) 
Conservation of energy (medium: water with L. pneumophila)  
The law of conservation of energy states that energy can neither be created nor destroyed. This 
law is combined with the First Law of Thermodynamics, which states that, although energy 
cannot be created or destroyed, it can be transformed or transferred from one form to another. 
This results in the energy conservation equation, stating that the rate of change of energy inside 
the fluid element 𝜌 · 𝜕
𝜕𝑡






)) and transport component 𝜌 · 𝑣𝑥 ·
𝜕
𝜕𝑥
𝑢 summed with the rate of working 
done on the element due to body and surface forces ?̇? + 𝛷. The differential form of the energy 




𝜌 · 𝑢 + ∇𝜌 · 𝑣 · 𝑢⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗ = −∇𝑞𝑐 + ?̇? + 𝛷 (A3.20) 
 
With: 
 𝑢  [J]  Internal energy 
 𝑞𝑐  [W/m²] Conduction of heat, equal to ∇𝑘 · ∇𝑇 
 ?̇?  [W/m³] Heat source 
 𝛷  [W/m³] Heat losses due to friction and pressure losses 
Converting this equation to 1D gives Equation A3.21. 
  𝜌 · (
𝜕
𝜕𝑡









) + ?̇? + 𝛷 (A3.21) 
Modelica works with enthalpy in the heat flux equation 𝜌 · 𝑣𝑥 ·
𝜕
𝜕𝑥
𝑢. Knowing that the enthalpy is 
ℎ = 𝑢 +
𝑃
𝜌
, if water is incompressible ℎ = 𝑐𝑝 · 𝑇.  




𝜌 · 𝑢 · 𝑑𝑉 = ∬
𝜕
𝜕𝑥






) · 𝑑𝐴 +∭?̇? · 𝑑𝑉 +∭𝛷 · 𝑑𝑉 (A3.22) 
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Solving this integral gives Equation A3.23. 
 𝜌 · 𝑉 · (
𝑑
𝑑𝑡
𝑢) = 𝜌 · 𝑣𝑖𝑛 · 𝐴𝑖𝑛 · ℎ𝑖𝑛 + 𝜌 · 𝑣𝑜𝑢𝑡 · 𝐴𝑜𝑢𝑡 · ℎ𝑜𝑢𝑡 +𝑄𝑐𝑜𝑛𝑑 +𝑄𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑄𝑑𝑖𝑠𝑠   (A3.23) 
Momentum conservation (medium: water with L. pneumophila) 
The Momentum equation in Modelica is integrated in the form of the Navier-Stokes equation, 
which results from Newton’s second law, stating that 𝐹 = 𝑚 · 𝑎. The Navier-Stokes equation 
states that the mass, multiplied by the acceleration of fluid particles, is proportional to the forces 
(volume forces and surface forces) acting on them. The differential form of the momentum 




𝜌 · 𝑣 + ∇𝜌 · 𝑣 · 𝑣⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗ = 𝜌 · 𝑔 − ∇𝑃 + 𝛻𝜏 (A3.24) 
Converting this equation to 1D gives Equation A3.25. 
  𝜌 · (
𝜕
𝜕𝑡
𝑣𝑥 + 𝑣𝑥 ·
𝜕
𝜕𝑥
𝑣𝑥) = 𝜌 · 𝑔𝑥 −
𝜕𝑃
𝜕𝑥
+ 𝛻(𝜇 · 𝛻𝑣𝑥) (A3.25) 




∭?⃗? · 𝜌 · 𝑑𝑉 = ∬𝑣 · (𝜌(?⃗?) · 𝑑𝐴 + 𝜌 · 𝑔𝑥 −
𝜕𝑃
𝜕𝑥
+ 𝛻(𝜇 · 𝛻𝑣𝑥) (A3.26) 
Solving this integral gives Equation A3.27. 
  𝜌 · 𝑉 ·
𝑑?⃗⃗?
𝑑𝑡
= 𝜌 · 𝑣𝑖𝑛
2 · 𝐴𝑖𝑛 − 𝜌 · 𝑣𝑜𝑢𝑡·
2 𝐴𝑖𝑛 + 𝜌 · 𝑔𝑥 −
𝑑𝑃
𝑑𝑥
+ ∇(𝜇 · ∇𝑣𝑥) (A3.27) 
This equation can be simplified to a pressure-based equation based on Bernoulli (Equation 
A3.28). 














) + (∆ℎ𝑓 + ∆ℎ𝑚 + ∆ℎ𝑝) (A3.28) 
With: 
 ∆ℎ𝑝 Pressure rise by pump 
 ∆ℎ𝑓  Major losses (in relation to length of pipe) 
 ∆ℎ𝑚 Minor friction losses (e.g. fittings) 
 1  Entrance port 
 2  Exit port 
Trace substance equation of L. pneumophila 
The principle of the conservation equation for L. pneumophila concentration is based on the 
principle of conservation of mass. Equation 3.2 and Equation 3.5 are coming from the following 




𝐶 + ∇𝐶 · ?⃗? = ?̇?  (A3.29) 
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With: 
 𝐶  Total number of bacteria (cfu) per unit mixture volume (water with bacteria) 
 ?̇?  Source and sink, this is the growth of L. pneumophila in water and the mass  
transfer between water and biofilm 







𝐶 · 𝑣𝑥 = ?̇? (A3.30) 




𝐶 · 𝑑𝑉 = ∬
𝜕
𝜕𝑥
· 𝐶 · 𝑣𝑥 · 𝑑𝐴 + ?̇? (A3.31) 
Solving this integral gives Equation A3.32. 
  𝑉 ·
𝑑𝐶
𝑑𝑡
= 𝐶𝑖𝑛 · 𝑣𝑖𝑛 · 𝐴𝑖𝑛 − 𝐶𝑜𝑢𝑡 · 𝑣𝑜𝑢𝑡 · 𝐴𝑜𝑢𝑡 + ?̇? (A3.32) 
With: ?̇? = 𝑉𝑝 · ?̇?(𝑡) + 𝑘𝑐 · 𝐴𝑏 · (𝐶𝑏(𝑡) − 𝐶(𝑡)) in Equation 3.2. 
Mass, momentum and energy conservation equation parameters to compare 




𝜌 + 𝜌 ·
𝜕
𝜕𝑥
𝑣𝑥 = 0     (A3.33) 
 Trace substances  𝜌 
Can be solved by one node for the whole component, or the component can be split into a number 




𝑣𝑥 + 𝑣𝑥 ·
∂
∂x
𝑣𝑥 = 𝜌 · 𝑔𝑥 −
𝜕𝑃
𝜕𝑥
+ 𝛻(𝜇 · 𝛻𝑣𝑥) (A3.34) 
 Gravity    𝜌 · 𝑔𝑥  




 Laminar/turbulent flow 
𝜕𝑃
𝜕𝑥
 or 𝛻(𝜇 · 𝛻𝑣𝑥) 













) + ?̇? + 𝛷     (A3.35) 
 Heat source    ?̇? 
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With: 
 𝑐𝑝 [J/kg·K] Heat capacity, used to calculate u 
 𝑔𝑥  [m/s²]  Acceleration due to gravity 
 k  [W/m·K] Thermal conductivity 
 P  [Pa]  Total pressure 
 ?̇?  [W/m³] Volumetric energy generation rate  
 t  [s]  Time 
 T  [K]  Absolute temperature 
 ?⃗?  [m/s]  Mass-average velocity for multicomponent mixture (velocity 
split up in vx, vy and vz) 
 μ  [Pa·s]  Viscosity 
 ρ  [kg/m³] Mass density of mixture 








 )  
Annex 3D 
Pipe and boiler models: reasons for non-retention 
Pipe models 
Out of the comparison of the different pipe models inTable 3.2, there are four models suitable 
for the authors’ applications. 
 Dynamic pipe: Dynamic pipe model with storage of mass and energy (Modelica 3.2.1) 
 Insulated pipe: Insulated pipe characterized by a UA value (OpenIDEAS 0.3.0) 
 Pipe insulated: Pipe with insulation, characterized by UA (OpenIDEAS 0.3.0) 
 Pipe: Pipe with finite volume discretization along flow path (Buildings 3.0.0) 
‘Dynamic pipe’ model was not chosen for further development because pipe insulation has not 
been taken into account in the standard model. ‘Insulated pipe’ and ‘Pipe Insulated’, two very 
similar models, cannot be divided into smaller pipe volume segments (nNodes). Moreover, 
material roughness, a parameter that is important to simulate biofilm formation, is not taken 
into account. That is the reason why these models were not retained. 
Boiler models 
‘Boiler’ and ‘OpenTank’ model were not chosen for further development because boiler insulation 
has not been taken into account in the model. Although insulation could easily be implemented, 
if in future these models need to be used for this application. Additionally these models and 
‘Boiler polynomial’ cannot be divided into smaller pipe volume segments (nNodes). In the 
‘OpenTank’ and ‘Storage Tank’ model the addition of a heat source is not possible. 
‘StorageTank_OneIntHex’ is not chosen because of the impossibility to add trace substance and 
the lack of pressure drop and laminar/turbulent flow equations. 
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Annex 3E 
Simulation model components used in pipe and boiler component 
Table A3.2 Explanation of simulation model components used in the pipe and boiler components. 
Component Information 
 
Generic fluid connector at design inlet for quasi one-dimensional fluid flow in a piping network 
(incompressible or compressible, one or more phases, one or more substances) 
 
Generic fluid connector at design outlet for quasi one-dimensional fluid flow in a piping network 
(incompressible or compressible, one or more phases, one or more substances) 
 
Collects the heat flows from m heatports to one single heatport 
 
Fixed flow resistance with dp and m_flow as parameter 
 
 
Connector used for 1-dimensional heat flow between components 
 
HeatPort connector to be used for vectors of HeatPorts (vector dimensions must be added after 
dragging) 
 
Lumped thermal element transporting heat without storing it 
 
 








Model to add buoyancy, if there is a temperature inversion in the tank 
 
 
Model to reduce the numerical dissipation that is introduced by the standard first-order upwind 
discretization scheme, which is created when connecting fluid volumes in series 
 
Ideal enthalphy mass flow rate sensor 
 
 
Multiplexer block for three input connectors 
 
 
Outputs the sum of the elements of the input vector 
 
 
Output ‘Real' as connector 
Conversion from theoretical continuity equation (Annex 3C) to implementation of 
equations in Modelica Buildings library 
Mass and energy conservation equation 
The conservation equations are implemented in Buildings Fluid Library under the following form 
(Table A3.3). 
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Table A3.3 Comparison of theoretical mass and energy equation and implementation in Modelica. 
 Theoretical equation Implementation in Modelica 
Mass conservation 
equation of medium 
(water containing 















= 𝐶𝑖𝑛 · 𝑣𝑖𝑛 · 𝐴𝑖𝑛 − 𝐶𝑜𝑢𝑡 · 𝑣𝑜𝑢𝑡  
· 𝐴𝑜𝑢𝑡 + ?̇? 
der(mC)=mbC_flow+C_flow_internal 
Energy conservation 
equation of medium 
𝜌 · 𝑉 · (
𝑑
𝑑𝑡
𝑢) = 𝜌 · 𝑣𝑖𝑛 · 𝐴𝑖𝑛 · ℎ𝑖𝑛 
+𝜌 · 𝑣𝑜𝑢𝑡 · 𝐴𝑜𝑢𝑡 · ℎ𝑜𝑢𝑡 + 𝑄𝑐𝑜𝑛𝑑 +𝛷 
der(U)=Hb_flow+Q_flow 
𝛷 = 0 
 
In Buildings library, the mass and energy conservation equation can be found in the 
MixingVolume model. In Figure A3.1, the Diagram view of the MixingVolume is shown. 
 
Figure A3.1 Diagram view of MixingVolume model. 
In the Text view (Table A3.4), the following code can be found. 
Table A3.4 Implementation of mass and energy conservation equation in Modelica. 
Model MixingVolume 
 extends Buildings.Fluid.MixingVolumes.BaseClasses.PartialMixingVolume 
MixingVolume 
MixingVolume is an extension of  
PartialMixingVolume 
Model PartialMixingVolume 
  extends Buildings.Fluid.Interfaces.LumpedVolumeDeclarations 
  “contains parameters and medium properties that are used in the lumped volume   
   model” 
   … 
Buildings.Fluid.Interfaces.ConservationEquation steBal 
  (…) 
if useSteadyStateTwoPort "Model for dynamic energy conservation" 
   … 
Buildings.Fluid.Interfaces.ConservationEquation dynBal    
(final simplify_mWat_flow =  simplify_mWat_flow, 
    redeclare final package Medium = Medium, 
    final energyDynamics = energyDynamics, 
    final massDynamics = massDynamics, 
PartialMixingVolume 
This is a lumped volume model with 
the following properties: p, T, X, C. It 
contains the whole mixture volume, in 
which the number of trace substances 
is defined (i.e., L. pneumophila and 
nutrients). 
The lumped volume model contains 
two ways to solve the conservation 
Equations (steBal and dynBal). In our 
models, dynBal, the model to solve 
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    final p_start = p_start, 
    final T_start = T_start, 
    final X_start = X_start, 
    final C_start = C_start, 
    final C_nominal = C_nominal, 
    final fluidVolume = V, 
    final initialize_p = Initialize_p, 
    m(start=V*rho_start), 
    nPorts=nPorts, 
    final mSenFac=mSenFac) 
if not useSteadyStateTwoPort "Model for dynamic energy conservation" 
the energy conservation dynamically, 
has been chosen. 
Model ConservationEquation "Lumped volume with mass and energy conservation" 
   … 
Modelica.SIunits.Energy U(start=fluidVolume*rho_start*Medium.specificInternal 
Energy(Medium.setState_pTX( 
     T=T_start, 
     p=p_start, 
     X=X_start[1:Medium.nXi])) + 
     (T_start - Medium.reference_T)*CSen, nominal = 1E5) "Internal energy of fluid"; 
equation 
for i in 1:Medium.nC loop 
  mbC_flow[i] = sum(ports_mC_flow[:,i]); 
end for; 
  mb_flow = sum(ports.m_flow); 
  Hb_flow = sum(ports_H_flow); 
// Energy and mass conservation equations 
if energyDynamics == Modelica.Fluid.Types.Dynamics.SteadyState then 
             0 = Hb_flow + Q_flow; 
    else  der(U) = Hb_flow + Q_flow; 
end if; 
if massDynamics == Modelica.Fluid.Types.Dynamics.SteadyState then 
0 = mb_flow + (if simplify_mWat_flow then 0 else mWat_flow_internal); 
else  der(m) = mb_flow + (if simplify_mWat_flow then 0 else mWat_flow_internal); 
end if; 
if substanceDynamics == Modelica.Fluid.Types.Dynamics.SteadyState then 
            zeros(Medium.nXi) = mbXi_flow + mWat_flow_internal * s; 
    else der(mXi) = mbXi_flow + mWat_flow_internal * s; 
end if; 
if traceDynamics == Modelica.Fluid.Types.Dynamics.SteadyState then 
            zeros(Medium.nC)  = mbC_flow + C_flow_internal; 
    else der(mC)  = mbC_flow + C_flow_internal; 
end if; 
ConservationEquation 
The lumped volume works with T 
(temperature), while the conservation 
equation works with u 
(specificInternalEnergy). u is specified 
in the Medium model. Therefore, a 
transition to h (enthalpy) needs to 
happen. This is added in the package 
Water of the Building library, by using 









Mass conservation equation of water  
 
 
Mass conservation equation of 
L. pneumophila and nutrients. The 
value for C_flow_internal is calculated 
in our own developed components 
(part of our own DHW library), thus 
not belonging to the Buildings library. 
redeclare function extends specificInternalEnergy "Return specific internal energy" 
          extends Modelica.Icons.Function; 
       algorithm  
     // u := cv_const*(state.T - T0) - reference_p/d_const; 
        u := cv_const*(state.T - T0); 
   end specificInternalEnergy; 
specificInternalEnergy 
This function computes the specific 
internal energy of the fluid, but 
neglects the (small) influence of the 
pressure term p/d. 
package Water "Package with model for liquid water with constant density" 
     … 
function enthalpyOfLiquid "Return the specific enthalpy of liquid" 
  extends Modelica.Icons.Function; 
  input Modelica.SIunits.Temperature T "Temperature"; 
  output Modelica.SIunits.SpecificEnthalpy h "Specific enthalpy"; 
algorithm  
      h := cp_const*(T-reference_T); 
end enthalpyOfLiquid; 
Water 
In package Water, the function 
enthalpyOfLiquid is specified. 
Momentum conservation 
While the mass and energy conservation equations are written in the PartialMixingVolume, the 
momentum conservation equation is written for each flow element (e.g., pipe, boiler, pump) in 
the code of that specific component. The difference is that the momentum equations take place 
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between two volume components, i.e., two mixing volumes. So, for a pipe model, the total volume 
of the pipe is split into a predefined number of segments (an array containing nNodes of 
MixingVolumes) along the flow path, thus containing nNodes mass and energy conservation 
equations. Furthermore, only one equation is performed to calculate the pressure drop for the 
whole (e.g. pipe) model, meaning the transfer of momentum between the fluid and an adjacent 
surface is modelled using a lumped approach (Table A3.5). 
The momentum balance equation as specified in Annex 3C is Equation A3.36. 
   𝜌 · 𝑉 ·
𝑑?⃗⃗?
𝑑𝑡
= 𝜌 · 𝑣𝑖𝑛
2 · 𝐴𝑖𝑛 − 𝜌 · 𝑣𝑜𝑢𝑡
2 · 𝐴𝑖𝑛 + 𝜌 · 𝑔𝑥 −
𝑑𝑃
𝑑𝑥
+ ∇(𝜇 · ∇𝑣𝑥) (A3.36) 
In the Buildings library, a simplification is made by implementing a pressure-based equation 
based on Bernoulli (Equation A3.37). 














) + (∆ℎ𝑓 + ∆ℎ𝑚 + ∆ℎ𝑝) (A3.37) 
Table A3.5 Comparison of theoretical momentum equation and implementation in Modelica. 


















(∆ℎ𝑓 + ∆ℎ𝑚 + ∆ℎ𝑝) 
∆𝑝 = 𝜌 · 𝑔 · ∆ℎ𝑓 
 
Assumptions: 
 𝑣1 = 𝑣2: Diameter of pipe is 
constant 
 ℎ1 = ℎ2: Horizontal pipe 
 ∆ℎ𝑝 = 0 
 ∆ℎ𝑚 = ∆ℎ𝑓: Minor losses 
(e.g. fittings) 
 
An example of the implementation of the momentum conservation in a pipe component is given 
in Table A3.6. The principle of the used pipe model  “Pipe_2_Leg”, is similar to the Pipe model in 
Buildings library, except that it contains extra equations to calculate the L. pneumophila 
concentration in water and biofilm. 
Table A3.6 Implementation of momentum conservation equation in Modelica. 
Model Pipe_2_Leg "Pipe with finite volume discretization along flow path" 
  Extends DHW.LegionellaModels.Pipe_1_Leg( 
    diameter=sqrt(4*m_flow_nominal/rho_default/v_nominal/ 
    Modelica.Constants.pi), 
    dp_nominal=2*dpStraightPipe_nominal, 
    preDro(dp(nominal=length*10)), 
    redeclare replaceable package Medium = DHW.LegionellaModels.WaterLeg, 
    vol(use_C_flow=true)); 
… 
final parameter Modelica.SIunits.PressureDifference dpStraightPipe_nominal(d
isplayUnit="Pa")=Modelica.Fluid.Pipes.BaseClasses.WallFriction.Detailed.pressu
reLoss_m_flow( 
     m_flow=m_flow_nominal, 
     rho_a=rho_default, 
     rho_b=rho_default, 
     mu_a=mu_default, 
     mu_b=mu_default, 
     length=length, 
Pipe_2_Leg 
Pipe model with roughness is an extension 
of a pipe model without roughness 
(Pipe_1_Leg). A pressure drop is given to 
Pipe_1_Leg, that is calculated as 
dpStraightPipe_nominal. This pressure 
drop, taking into account the pressure 
losses of a straight pipe, is multiplied by 
two to incorporate the minor losses ∆ℎ𝑚 . 
 
The total pressure drop, dp_nominal, is 
calculated in Pipe_2_Leg with the function 
pressureLoss_m_flow based on the 
material roughness. 
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     diameter=diameter, 
     roughness=roughness, 
     m_flow_small=m_flow_small) 
     "Pressure loss of a straight pipe at m_flow_nominal"; 
In case the velocity is not the nominal 
velocity, this pressure drop is adapted by 
the model preDro, which is available in 
Pipe_1_Leg. 
model Pipe_1_Leg "Model of a pipe with finite volume discretization along the 
  flow path" 
 extends Modelica.Icons.Example; 
 extends Buildings.Fluid.Interfaces.LumpedVolumeDeclarations; 
 extends Buildings.Fluid.Interfaces.PartialTwoPortInterface(final show_T=true); 
 extends Buildings.Fluid.Interfaces.TwoPortFlowResistanceParameters(final 
 computeFlowResistance=(abs(dp_nominal) > Modelica.Constants.eps)); 
 
 Buildings.Fluid.FixedResistances.PressureDrop preDro(…); 
 Buildings.Fluid.MixingVolumes.MixingVolume [nSeg] vol(…) 
Pipe_1_Leg 
LumpedVolumeDeclarations is a record 
that contains the parameters and medium 
properties that are used in the lumped 
volume model. 
TwoPortFlowResistanceParameters is a 
record that contains parameters that are 
used to compute the pressure drop in 
models that have one fluid stream. 
Furthermore the pipe model contains an 
array of MixingVolumes and a model that 
calculates the pressure drop. 
 
preDro to relate dp_nominal to m, in case 
m is not m_nominal. MixingVolume to 
calculate mass and energy conservation 
equations. 
Function pressureLoss_m_flow 
  Re := diameter*abs(m_flow)/(crossArea*mu); 
  lambda2 := if Re <= Re1 then 64*Re else 
    (if Re >= Re2 then 0.25*(Re/Math.log10(Delta/3.7 + 5.74/Re^0.9))^2 
     Else interpolateInRegion2(Re, Re1, Re2, Delta)); 
  dp :=length*mu*mu/(2*rho*diameter*diameter*diameter)* 
    (if m_flow >= 0 then lambda2 else -lambda2); 
pressureLoss_m_flow 
To calculate the pressure drop associated 
with frictional effects (∆ℎ𝑓),the Darcy-
Weisbach equation is applied, stating that 






. The pressure drop due 
to wall friction is computed as product of 
dynamic pressure and a loss factor 𝜁. The 
loss factor 𝜁is based on the Colebrook-
White equation, this equation is translated 
in Modelica in the function 
pressureLoss_m_flow. A problem arises 
because the Colebrook-White equation is 
an iterative formula. To solve this, an 
explicit variation of the Colebrook-White 
equation is used, namely the Swamee-Jain 
equation, for flow in a completely filled 
pipe with circular section. 
Annex 3F 
Understanding the simulation log basics 
When you run a simulation in Dymola, a simulation log is generated. The statistics listed in 
Table A3.7 can be considered the key performance indicators of the simulation computational 
performance. 
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Table A3.7 Key performance indicators of the simulation computational performance [289]. 
Simulation log variable General definition of variable 
CPU-time for integration 
CPU-time for one GRID interval 
Number of result points 
Number of GRID points 
 
Number of (successful) steps 
 
Number of F-evaluations 
 
Number of H-evaluations 
 
Number of Jacobian-evaluations 
 
 
Number of (model) time events 
Number of (U) time events 
Number of state events 
 
Minimum integration stepsize 
Maximum integration stepsize 
Maximum integration order 
The total CPU-time of the simulation. 
The CPU-time to calculate one grid interval. 
The total number of simulation steps stored by Dymola in the result file 
Evenly spaced points with spacing determined from “Interval length” or 
“number of intervals” and the simulation time. 
Total number of simulation steps calculated by the solver. The result points 
are extrapolated from these steps. 
Number of times equations used to calculate the gradient of the states were 
run. 
Number of times the crossing functions had to be calculated. These 
functions are used to determine when an event occurs. 
The Jacobian is utilised by the solver method during the solving process. The 
solver method requests that the Jacobian be updated throughout the 
simulation. 
Events that are generated at a given time. 
Events that are generated when discrete input signal changes occur. 
A real elementary relation changes its value, for example “x>2” changes its 
value. 
Minimum stepsize used during simulation. 
Maximum stepsize used during simulation. 
The maximum integration order used by the solver. 
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Annex 4A 
Calibration approach 
Uncertainties in simulation models 
The various sources of uncertainty in building performance simulation are classified as follows 
[249], [250]: 
 Specification uncertainty: arising from incomplete or inaccurate specification of the 
building or systems modelled. This may include any exposed model parameters, e.g., 
geometry, material properties, HVAC specifications, system schedules. 
 Modelling uncertainty: simplifications and assumptions of complex physical processes. 
These assumptions may be explicit to the modeller (zoning and stochastic process 
scheduling) or hidden by the tool (calculation algorithms). 
 Numerical uncertainty: errors introduced in the discretization and simulation of the 
model. 
 Scenario uncertainty: external conditions imposed on the building, including outdoor 
climate conditions and occupant behaviour. 
Methods for assessing calibration performance for BES models 
The different methods used to assess the calibration performance of the Building Energy 
Simulation (BES) models are: 
 Root Mean Square Error (RMSE) [K]: The RMSE is a measure of the variability of the data. 
For every time step, the error, or difference in paired data points is calculated and 
squared. The sum of square errors for the total simulation period is divided by the 
respective number of points yielding the mean square error. A square root of the result 
is then reported as the RMSE (Equation A4.1). 







where 𝑚𝑖  and 𝑠𝑖  are the respective measured and simulated data points for each 
model instance 𝑖 and 𝑁𝑝 is the number of data points at interval 𝑝. 
 
 Mean Bias Error (MBE) [%]: This is a non-dimensional bias measure (sum of errors), 
between measured and simulated data for each time step (Equation A4.2). The MBE is 
a good indicator of the overall bias in the model. It captures the mean difference 
between measured and simulated data points. However, positive bias compensates for 
negative bias, so a complementary calculation of model error is required. 
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 Coefficient of Variation of Root Mean Square Error CV(RMSE) [%]: This index makes it 
possible to determine how well a model fits the data by capturing offsetting errors 
between measured and simulated data. In contrast to the MBE, it does not suffer from 
the cancellation effect (Equation A4.3). 







where ?̅? is the average of the measured data points. 
Annex 4B 
Technical data components 
Boiler component 
The ‘culture’ tank (containing a stock solution of L. pneumophila bacteria) is a 200l stainless steel 
tank, with an electrical resistance placed vertically from the bottom of the tank. The tank was 
filled with fresh potable water from the district distribution system and continuously heated to 
reach a constant temperature of 37°C. The homogenization of the water temperature in the tank 
is obtained by a circulation loop over the tank. Two inoculations with L. pneumophila bacteria 
from a hospital facility and providing daily draw-off of 127l of fresh water were necessary (to 
provide nutrients and oxygen), to obtain a stable stock solution of L. pneumophila at nearly 
2·105cfu/l. The test setup was only contaminated once with water from the culture tank, before 
starting the thermal shocks. After this initial contamination, the culture tank was disconnected 
from the rest of the installation and the water supply was normal drinking water. This will not 
affect the calibration of the model, as we choose weeks in which the biofilm was fully developed 
(for the biological calibration) and the L. pneumophila contamination was already spread all-
over the system (not only in the boiler). 
The ‘test’ tank is a 200l austenic chrome-nickel steel tank. This tank contains an internal heat 
coil which is not used during the research period, instead an immersion heater is installed inside 
the test tank (because it was not possible to attach the heat coil to a hot water production unit). 
The temperature sensors are thermocouples with a precision ±0.5K. Sensor T0 is placed at the 
bottom of the tank on the outside of the tank surface. Five temperature probes are placed on the 
outside tank surface (under the insulation): T1, T2, T3, T4 and T5. Another temperature probe T6 is 
placed on the departure pipe. No technical specifications are available concerning the thermal 
conductivity of the insulation material of the boiler tank. 
More details 
The internal height of the tank is 1.372m, internal width is 0.454m and total width (insulation 
included) is 0.60m. Five temperature probes (thermocouples, precision ±0.5K) are placed on the 
outside tank surface (under the insulation): respectively from the internal bottom of the tank at 
0.136m, 0.408m, 0.680m, 0.952m, 1.220m height. 
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Electric immersion heater component 
The boiler at the test facility is heated up by an electric immersion heater of 6kW placed in 
vertical position at the bottom of the tank (Figure 4.2, Figure A4.1, Table A4.1). An immersion 
heater is an electric water heater, which is mounted inside the hot water tank. In the test facility 
a wet immersion heater is used, the metal heating coil is installed vertically and is in direct 
contact with the fluid inside the boiler. 
In this case the electric immersion heater is controlled by a thermostat integrated in the heating 
element. The hot part of the immersion heater from the test facility is located partially in T1, T2, 
T3 and T4 (Figure 4.2).  
More details 
 
Figure A4.1 Dimensions of the immersion heater. 
 
Table A4.1 Technical data immersion heater. 
Product Output [W] Active length [m] Inactive length [m] Weight [kg] 
TV45 L060 6 000 0.850 0.070 1.45 
 
Recirculation distribution pipe component 
At the outlet of the tank, there is a flexible connection between the ‘test’ tank and the 
recirculation loop. The recirculation loop consists of nearly 40m insulated multilayer pipes. The 
loop starts with a horizontal pipe of DN50 attached to a vertical pipe of DN32 with 20mm 
insulation. The recirculation pipe is a DN16 with 15mm insulation. Three temperature probes are 
placed inside the DN32 and DN16 pipes (T6, T7, T10). A flow regulation valve and a flowmeter are 
also placed on the last one (T10). At the bottom of the recirculation pipe (1.5m before entering 
the tank), a sampling valve makes it possible to take water samples of the return water. 
20 rings of PE-X are inserted in the recirculation pipe, placed in such a way that they are exposed 
to the recirculation water, so that the biofilm can grow on it. Pieces can be taken out to analyse 
biofilm growth. 
More details 
The recirculation loop, connected to the test tank, consists of around 40m insulated multilayer 
pipes. The tubing fixtures are multilayer. Brass fittings are used for the connections between 
pipes (T-fittings). Instead of using three way valves, calibrated T-fittings and one control valve 
are used. Table A4.2 contains the dimensions of multilayer tubes used in the piping network. In 
Modelica the inner diameter of the tubes is needed as input value in each pipe component. 
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Table A4.2 Dimensions of pipes. 
 Øouter [mm] dpipe [mm] Øinner [mm] dins [mm] 
DN50 50 4.5 41 25 
DN32 32 3 26 20 
DN25 26 2.5 21 15 
DN16 16 2 23 15 
 
Table A4.3 Material properties of pipes. 
Product ρ [kg/m³] λ [W/m·K] C [J/kg·K] Roughness [m] 
Insulation 37 0.025 - - 
Tubes - 0.40 - 0.007 
 
It takes 10.1 minutes for one fluid particle to flow from the tank outlet at the top through the 
circulation loop to the tank inlet at the bottom of the tank. It is calculated in Table A4.4. This 
information is essential to achieve proper insight into the measured data from the test facility 
used for calibration of the simulation model, because we see a strange effect when the boiler is 
cooling down after the heat shock: three distinguished bumps in temperature can be seen. The 
duration of one bump corresponds to the time needed for one particle to travel one cycle. 
Table A4.4 Travel time for one fluid particle to flow from tank outlet (top) through the circulation loop to 
















Tank top     0.0 0 0.0 T5 
DN50 0.0205 0.5 0.000660 0.022 30.0 30 0.5 T6 
DN50 0.0205 0.5 0.000660 0.022 30.0 60 1  
DN32 0.013 2 0.001062 0.022 48.3 108 1.8  
DN32 0.013 2.6 0.001380 0.022 62.7 171 2.9  
DN32 0.013 7.8 0.004141 0.022 188.2 359 6.0  
DN32 0.013 5.2 0.002761 0.022 125.5 485 8.1  
DN16 0.006 5.2 0.00588 0.022 26.7 511 8.5 T7 
DN16 0.006 7.8 0.000882 0.022 40.1 552 9.2  
DN16 0.006 2.6 0.000294 0.022 13.4 565 9.4  
DN16 0.006 2 0.000226 0.022 10.3 575 9.6  
DN25 0.0105 0.8 0.000277 0.022 12.6 588 9.8 T10 
DN16 0.006 3 0.000339 0.022 15.4 603 10.1  
Tank bottom        T0 
Sum  40 0.01327   603.3 10.1  
 
20 rings of PE-X (length of 0.80m) are inserted in the recirculation pipe (∅12 x 1.2mm; height of 
about 29.7mm), placed in such a way that they are exposed to the recirculation water so that the 
biofilm can grow on it. 
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Tap component 
According to the ‘test’ tank capacity (200l), a realistic tap schedule based on the DHW demand of 
a four person-family is established. The tap schedule is given in Table A4.5. 
Table A4.5 Daily DHW consumption profile for the ‘kitchen’ (grey) and ‘shower’ (white) taps. The total tapped 
daily DHW volume amounts to 155.97l. 
Tap schedule DHW flow-rate Tap duration Tapped volume 
Start [hour] Type of draw-off [l/min] [s] [l] 
06:59 Purge of the shower pipe 6.5 10 1.083 
07:00 Shower n°1 6.5 355 38.50 
07:10 Shower n°2 6.5 393 42.60 
08:00 Shower n°3 6.5 296 32.10 
12:00 Kitchen faucet 5 6 0.50 
12:30 Kitchen faucet 5 20 1.67 
13:45 Kitchen faucet 5 30 2.50 
18:15 Children’s bath (40l) 6.5 311 33.70 
19:00 Kitchen faucet 5 6 0.50 
19:15 Kitchen faucet 5 3 0.25 
20:00 Kitchen faucet 5 30 2.50 
 
According to the temperature set point of the tank of 45°C, the DHW volume flow rate of the 
‘shower’ draw-off is set at 6.5l/min (corresponding to a shower with a volume flow rate of 8l/min 
where hot and cold water are mixed to achieve a comfort temperature of 38°C). The DHW volume 
flow rate of the ‘kitchen’ is set at 5l/min. The total daily consumed DHW volume is about 156l, 
split up in 148l due to using the ‘shower’ and 7.9l at the ‘kitchen’. 
Sampling points 
The combination of sampling valves with flow regulation valves makes it possible to differentiate 
volume flow rates for sampling. Two volume flow rates are studied for sampling (0.5l/min and 
2l/min). As the aim is to test the global decontamination effect of the thermal shock on water 
and biofilm, the commonly used sampling volume flow rate of 2l/min is maintained. The 
consumption profiles are applied to these draw-offs with electro valves controlled by 
electronical timers. The outlets of these electro valves are connected to a closed discharge 
reservoir avoiding the spread of aerosols in laboratory. 
In order to avoid every possible contamination of the water samples coming from the flow 
regulation valves at the draw-off pipes, a chemical decontamination of the valve is conducted 
before sampling (using ethyl alcohol and rinsing with sterile water), since week 8. The trapped 
water volume (5ml) between the ball valve and the regulation valve has been analysed for 
L. pneumophila. 
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Data loggers 
Two types of data loggers are used to measure data in the test facility. The ambient temperatures 
on the ground, 1st, 2nd, 4th and 7th floor are measured using HOBO data loggers, the fluid 
temperatures are measured using thermocouples. Data loggers have certain measurement 
uncertainties (Table A4.6). 
Table A4.6 Measurement uncertainties of data loggers. Accuracy: the error between the real and measured 
value. Resolution: the smallest to be distinguished magnitude from the measured value. 






HOBO H8 Pro 
Series 
-30 to 50 0.50 0.41 60 (a week) 300 
Thermocouple -250 to 350 0.50 0.1 28 (a week) 1 
Annex 4C 
Thermohydraulic simulation component models 
Boiler model 
A first component model used in the thermohydraulic model is the boiler model. To model the 
behaviour of the boiler, the StratifiedEnhanced tank model is suitable (Figure A4.4) [239]. This 
boiler model has the possibility to divide its volume into segments. This is necessary for this 
research, because the growth of L. pneumophila bacteria is temperature dependent. Namely, by 
neglecting the stratification in the boiler, a too high death rate of the bacteria will occur, leading 
to an underestimation of the health risk. The StratifiedEnhanced boiler model is a 1D model. This 
means that the temperature varies only along the height of the tank, without radial variation in 
temperature. Furthermore, following heat transfers are included in the model: heat loss through 
the tank surface to the environment, heat transfer through the heat exchanger and heat storage 
associated with the thermal capacity of the fluid. Besides, a buoyancy model is included to deal 
with inverse stratification. 
The current model also has limitations. Simplifications and assumptions of complex physical 
processes are causing modelling uncertainty, that is why some work is done to update the boiler 
model in three ways. First, the original model can only handle volume segments with the same 
height. To make it possible to use the measured temperatures directly in order to calibrate the 
model, stratification with arbitrary height of fluid volume segments is desired, to be able to 
compute T0 (temperature at the bottom of the tank) and T6 (temperature of water leaving the 
tank top) more detailed, because measurements show that the temperature at T6 is almost 
± 0.5K higher than at T5 (highest fluid segment). Therefore, there is need for a division of the 
highest and lowest segment into two (sub)segments each (one smaller and one bigger) to be 
able to simulate two temperatures in the highest and lowest volume layers because of the one 
node approach in Modelica (only one temperature can be computed in every volume segment, 
averaging out the temperature variation within that segment). Figure A4.2 shows a concept 
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drawing of the boiler divided in seven segments with arbitrary height as it is adapted by the 
authors in the existing StratifiedEnhanced model. Additionally, the existing boiler model is 
adapted to make it possible to use different initial temperatures for different layers. By doing so, 
the measured temperature by every sensor in the boiler can be compared with the results of the 
simulation model, leading to a less inaccurate prediction. 
 
Figure A4.2 Concept drawing of the adaptation of the boiler in Modelica. 
The second difficulty is that the boiler model is composed as a cylinder with a flat top and bottom. 
In practice, boilers have an oblate, spheroidal top and bottom. Because of the simplified boiler 
geometry in the modelling component, the real geometry of the boiler is converted into 
dimensions which are used as model input values (Table A4.7). The following choices are made 
according to parameter values, to achieve the best goodness-of-fit. The total internal height of 
the boiler is 1372mm. This height is divided into 7, in the middle of segments 2-6, a temperature 
probe is placed on the boiler wall (Figure A4.3A). Each segment is given a colour, which will 
remain consistent in all presented result graphs. Segments 2-6 have a height of 274.4mm. Second 
important value is the total volume and the diameter of the tank. In order to achieve the best 
thermal conductance between fluid segments and thermal conductance through the tank wall, 
the diameter of the tank also has to stay the same (454mm). This results in a height of segment 
7 (bottom) and 1 (top) of 241.4mm to maintain the same volume (Figure A4.3B).  
A third component model optimisation concerns the boiler insulation. The thermal resistance of 
the top and bottom of the tank needs to be calculated separately in order to achieve the same 
thermal conductance as in reality. The bottom of the boiler is not insulated. To make it possible 
Temperature sensor
 ̇ = mass flow rate [kg/s]
R = thermal conductance between fluid volumes [K/W]
R = thermal conductance through tank wall [K/W]
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to adapt the thermal resistance of the top and bottom of the boiler separately, the code of the 
boiler component is adapted, because originally only the thermal resistance of the tank wall (as 
a whole including top and bottom) could be set. Figure A4.3C shows the height and the position 
of the internal immersion heater. 
 
Figure A4.3 A. Test tank cross-section with indication of global dimensions of boiler and internal width, 
height, location of the internal heat coil (not in use) and position of temperature probes on the boiler 
surface. B. Conversion of real boiler into a model. Theoretical height approach of each fluid segment [mm]. 
Division of tank in 7 segments according to the height of the temperature probes. Temperatures are 
simulated in the fluid segments instead of on the boiler wall. C. Height of the internal immersion heater. 
More details 
Table A4.7 Important data for approaching boiler dimensions. 
 Volume [m³] Øouter [mm] Øinner [mm] Aheat coil [m²] Øheat coil [mm] 
Tank 0.2 600 154 1.45 30 
 
A suitable boiler in Modelica is the StratifiedEnhanced from the Buildings 4.0.0 library 
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Figure A4.4 StratifiedEnhanced boiler model in Modelica Icon view (left) and Diagram view (right). 
Electric immersion heater model 
A second component model used in the thermohydraulic model is the electric immersion heater 
model. It is an additional part within the boiler model. In order to simulate the electric immersion 
heater, which is installed as primary heat source to heat the water in the boiler, energy [W] is 
added to specified fluid segments of the boiler, by a PrescribedHeatFlow component, according 
to the position of the immersion heater in the test facility. 
According to technical data the power output of the electric immersion heater is 6 000W. It is a 
wet immersion heater, which means there is a certain risk of calcification and therefore less heat 
transfer can occur. The heat transfer becomes a sensitive parameter to look for during calibration 
and can be taken into account in the power output parameter. 
Sensors T1-T4 are directly influenced by the immersion heater. Measured data of T0 and T1 show 
a flat graph during normal functioning of the installation at the 45°C set point. It seems the 
immersion heater is not directly influencing these segments. The hot part of the immersion 
heater starts above the level of temperature probes T1 and T0, which is probably the explanation 
for this phenomenon. Measured data from T2 and T3 show a fluctuating temperature between a 
minimum and a maximum value. The thermostat has to be located in T3 and is set at 45°C. In 
Annex 4D the temperatures in the boiler are analysed in more detail. 
Recirculation distribution pipe model 
A third component model used in the thermohydraulic model is the recirculation distribution pipe 
model. In order to simulate the recirculation loop, which provides the taps of hot water, the Pipe 
model is used. This is a pipe with finite volume discretisation along flow path. The Pipe model is 
a 1D model. This means that the temperature varies only along the length of the pipe, without 
radial variation in temperature at the volume zones close to the pipe wall. Furthermore, following 
heat transfers are included in the model: 1D heat conduction between the segments, heat loss 
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through the pipe surface to the environment and heat storage associated with the thermal 
capacity of the fluid. The requested Pipe parameters and material properties can be found in 
Table A4.8. 
More details 
The requested parameters to use the Pipe model are: 
 nSeg [-]  Number of volume segments 
 dins [m]  Thickness of insulation 
 𝜆ins [W/m⋅K] Heat conductivity of insulation 
 ∅inner [m]  Pipe diameter (without insulation) 
 l  [m]  Length of the pipe 
 r  [m]  Absolute roughness of pipe 
 ṁ  [kg/s]  Nominal mass flow rate 
 dpnominal  [Pa]  Pressure difference 
 Tstart [°C]  Initial temperature 
 
Parameter dins is the thickness of the insulation. Since ∅inner is the internal diameter of the pipe, 
the sum of the thickness of pipe and insulation together are taken as input value for dins. 
Parameter 𝜆ins is the thermal resistance of the insulation material of the pipe. Since dins is the 
sum of the thickness of pipe and insulation together, 𝜆ins is representing 𝜆 for the total build-up 
of the pipe (including thermal resistance Ri). The following material properties are used to define 
input values for the Modelica components (Table A4.8). 
Table A4.8 dins and λins values used in simulation model. 
Pipe Build-up dins [W/m·K] λins [J/kg·K] 
DN50 Multilayer-insulation-Ri 0.0295 0.026 
DN32 Multilayer-insulation-Ri 0.0230 0.025 
DN26 Multilayer-insulation-Ri 0.0175 0.024 
DN16 Multilayer-insulation-Ri 0.0170 0.023 
 
Expansion vessel 
A fourth component model used for the thermohydraulic model is an expansion vessel model. In 
reality, the expansion vessel was connected to the cold side of the boiler, but it was removed 
from the test rig because it caused large model uncertainties. However, the Modelica model 
needs an expansion vessel to avoid software errors, caused by a temperature dependent medium 
which is not able to expand if it is exposed to temperature differences. Another option is to use 
a non-temperature dependent medium. To match the real situation, L. pneumophila growth 
equations are not added in the expansion vessel model. In the Buildings library there are two 
types of expansion vessels which can be used: FixedBoundary and ExpansionVessel. 
ExpansionVessel is an expansion vessel with a fixed pressure. Both expansion vessels can be 
used, they give the same results in the scope of this research. The position of the expansion vessel 
in the simulation model is really important. The expansion vessel in the model is located at the 
hot side of the boiler. Its volume in the simulation model is 0.01m³. 
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Tap model 
A fifth component model used in the thermohydraulic model is the tap model. The model used in 
order to simulate a daily draw-off is BalancedTap_m_flow. A table with the tap schedule of 
Table A4.5 is connected to this component, for the shower as well as for the kitchen. These are 
external conditions imposed on the building system. Scenario uncertainty is minimized by using 
the measurement results as input data. 
Annex 4D 
Temperature analysis of the boiler 
Table A4.9 contains an analysis of the temperatures measured in the test facility during normal 
operation time (Tset = 45°C). The positioning of the thermostat is in the middle of the tank height 
(segment 3). 
Table A4.9 Temperature interval during normal operation time. 
Data probe Tmin [°C] Tmax [°C] ΔT [°C] Tstart [°C] 
T0 40.9 41.3 0.4 41.3 
T1 42.0 42.3 0.3 42.0 
T2 42.3 43.7 1.4 42.3 
T3 43.0 45.4 2.4 43.1 
T4 45.2 46.1 0.9 45.2 
T5 45.7 46.2 0.5 46.0 
T6 45.8 46.6 0.8 46.4 
T7 45.6 46.0 0.4 46.0 
T10 43.7 44.0 0.3 44.0 
T8 17.6 17.9 0.3 17.8 
T9 18.4 19.5 1.1 19.0 
 
The ‘StratifiedEnhanced' component is a boiler, which is, as all Modelica components, one-
directional. It means that the component can only be stratified along its height and concentric 
stratification is neglected. In reality the fluid temperature in the middle of the tank will be higher 
than closer to the tank wall. 
In modelling, the fluid temperature is measured in the middle of the segment. The whole 
segment is deduced to one point, so the temperature is considered constant for the whole 
segment (including the outside of the boiler wall, because the thermal conduction of steel is very 
high). The measured temperature at T6 is between 45.8°C and 46.4°C. 46.4°C is the maximum 
measured temperature in the boiler. 
Hot water rises to the top of the tank and at T6 (outlet of the tank), 46.4°C is measured. However 
the thermostat of the tank is located in the middle along its height (segment 3, T3). Thermostat 
input values can be 43°C as minimum and 45.4°C as maximum, to achieve the best goodness-of-
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fit for this temperature graph. Simulation shows the temperature graphs of other measured 
points will never reach higher temperatures than the set point set in T3. In order to achieve the 
maximum temperature of 46.4°C at T6, the set point at T3 needs to be set between 43°C and 
46.4°C. By doing so a better goodness-of-fit value is achieved for the overall simulation model, 
if not an initial error of 0.8°C would occur. Measurement data are not more accurate than 0.5°C. 
Annex 4E 
Thermohydraulic calibration: RMSE, MBE AND CV(RMSE) values of boiler and circuit 
temperatures over time 
Figure A4.5 shows the RMSE [K] value of boiler temperatures over time (=AE[°C]), Figure A4.6 the 
MBE [%] and Figure A4.7 the CV(RMSE) [%]. Figure A4.8 shows the RMSE [K] value of circuit 
temperatures over time, Figure A4.9 the MBE [%] and Figure A4.10 the CV(RMSE) [%]. 
 
Figure A4.5 Thermohydraulic calibration: AE [°C] over the total calibration period (week 3) for sensors T0, 













































































































T00.13                             1.11   1.08                                      0.52                                       2.00
0.46                             1.78   1.81                                      0.52                                       2.14
1.09                             1.99   0.98                                      0.78                                       3.97
1.26                             1.51   1.29                                      0.77                                       2.76
0.52                             0.50   0.37                                      0.69                                       1.47
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Figure A4.6 Thermohydraulic calibration: MBE [%] over the total calibration period (week 3) for sensors T0, 
T1, T2, T3, T4 and T5 in the boiler. 
 
 
Figure A4.7 Thermohydraulic calibration: CV(RMSE) [%] over the total calibration period (week 3) for sensors 





















































































































T00.03                           -0.20  0.09                                       0.03                                           -0.35
0.13                            0.22 -0.44                                       0.06                                           0.20
-0.18                            0.36  0.10                                       0.01                                        0.53
0.02                            -0.1   -0.07                                     -0.01                                          -0.26
-0.02                            -0.1   0.02                                       0.02                                         -0.19



























































































































































































































T00.04                            0.36  0.34                                       0.15                                        0.65
0.15                            0.57 0.56                                       0.16                                                 0.69
0.34                            0.64  0.30                                       0.24                                        1.27
0.16                            0.16  0.11                                       0.21                                        0.46
0.09                            0.15  0.12                                       0.21                                        0.25
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Figure A4.8 Thermohydraulic calibration: RMSE [K] over the total calibration period (week 3) for sensors T6, 
T7 and T10 (recirculation loop) and T8 and  T9 (taps) in the circuit. 
 
 
Figure A4.9 Thermohydraulic calibration: MBE [%] over the total calibration (week 3) for sensors T6, T7 and 















































































T6 0.36                             0.24   0.64                                      0.95                                       0.47
0.64                             0.40   0.39                                      1.26                                       0.39
0.57                             0.57   0.24                                      1.25                                       2.95
2.36                             4.32   1.14                                      0.54                                       0.74










































































































































































































































T6 0.10                             -0.03   0.15                                     0.19                                          -0.08
0.21                              0.09   0.09                                     0.32                                       0.02
0.19                              0.13  -0.01                                     0.32                                          0.17
-0.32                             -0.75  -1.15                                    -0.18                                         -0.25
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Figure A4.10 Thermohydraulic calibration: CV(RMSE) [%] over the total calibration period (week 3) for sensors 
T6, T7 and T10 (recirculation loop) and T8 and  T9 (taps) in the circuit. 
Annex 4F 
Final model parameters 
Final thermohydraulic model parameters 
Table A4.10 Final calibration parameter values used during calibration and to be used during validation of 







































































0.11                            0.07  0.20                                       0.29                                        0.15
0.20                            0.13  0.12                                       0.39                                        0.12
0.18                            0.18  0.08                                       0.39                                        0.93
0.10                            0.89  0.09                                       0.07                                        0.76






















































































































































































value for final 
model 




  Thickness Thickness [m] 0.06-0.08 0.07 
 Immersion 
heater 
Power Output [W] 4 800-6 000 5 700 
  Location Segment [-] T0-T5 T1-T4 
 Thermostat Location Position [-] 1-nSeg T4 
  Set point and 
dead band 
Temperature [°C] 43.1-46.4 43.1-45.2 
 Inlet/outlet Direction Direction [-] Vertical/horizontal Horizontal 
 Volume Size boiler Volume [m³] 200-220 200 
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  Number of 
segments 
nSeg [-] 5-135 8 
  Time constant 
for mixing 
Time [s] 1-9 900 1 
  Material 
roughness 






Fluid  Mass flow rate Mass flow rate 
[kg/s] 
±10% 0.022 





Environment  Ambient 
temperature 
Temperature [°C] x-0.5°C<x<x+0.5°C Measured data 















Length [m] 39-41 40 
  Length pipe 
bends 
Length [m] 1 0.5-2 
  Material 
roughness 








 Location Position [-] Return/depart side 
of boiler 
Return side 
Taps  Mass flow rate Mass flow rate 
[kg/s] 
±10% Measured data 
  Cold water 
temperature 
Temperature [°C] 4-12 10 
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Final biologic model parameters 
Table A4.11 Final calibration parameter values used during calibration and to be used during validation of 






Sensitivity analysis value 
range 







Previous sample value 
Calculation value 
Cold water concentration 
value 
Value of previous 
sample moment 





Stainless steel: V/10-V/20 
PE-X: V/10 
Stainless steel: V/10 
 Number of 
segments 








Cold water concentration 
Value of previous 
sample 






Stainless steel: V/10-V/20 
PE-X: V/10 
Stainless steel: V/10 
 Volume of 





Stainless steel: V/5-V/10 
PE-X: V/5 
Stainless steel: V/5 
 Number of 
segments 
nSeg [-] 1-100 (max. pipe length = 
10m) 






[m/s] Chilton and Colburn with 
variation in laminar and 
turbulent region boundaries 
More detailed formula for 𝑘𝑐 





Re < 3500: 𝐶𝑓 =
1.328
√𝑅𝑒
        
















[cfu/l] Between upper and lower 
curve 
± Upper limit curve 
 Nutrients [cfu/l 
=> kg/m³] 
10 000-10 000 000 3 500 000 
  
242  ANNEX CHAPTER 4 
Annex 4G 
Biofilm box system 
A ‘biofilm box’ system, composed of coupons, is installed to collect the biofilm. On the 
recirculation pipe, a section of pipe DN25 (length = 0.80 m) is inserted containing 20 rings of 
PE-X pipe (∅ 12 x 1.2 mm; height of about 29.7 mm) exposed to the recirculation water, so that 
the biofilm can grow on it. When needed, such a ring piece can be taken for analysing the biofilm 
(Figure A4.11) [260]. 
 
Figure A4.11 A. Schematic view of the pipe section with rings for the biofilm monitoring (left). B. Extraction 
of a ring piece in PE-X to examine L. pneumophila growth in biofilm (right) [260]. 
Ball valve DN20
Flow regulating valve ½’
Pieces of PE-X, Ø 12x 1.2mm
Multilayer pipe, Ø 25x 2.5mm
0.80m
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Annex 6A 
Plans and sections of the case study buildings 
 
Figure A6.1 Topographical section through terrain case study buildings, West-East. 
 
 
Figure A6.2 Floor plan case study buildings, Pavilion 4-6. 
Supply network Return network Potable water network




Technical shaft Supply network Return network Potable water network
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Figure A6.3 Longitudinal section AA’, looking West, Pavilion 4-6. 
 
 
Figure A6.4 A. Cross section BB’, looking North, Pavilion 4-6. B. Cross section CC’, looking North, Pavilion 4-6. 
Pavilion 6 Pavilion 5 Pavilion 4
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Annex 6B 
Hot water distribution scheme of case study buildings 
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Annex 6C 
Other relevant measurements 
An overview of the Legionella measurement results can be found in Table A6.1. The results are 
anonymous to respect privacy of the inhabitants. 
Table A6.1 Legionella spp and corresponding temperature measurement results. 
07/11/2016 Legionella (L. pneumophila sg 2-
14 and Legionella spp) [cfu/l] 
Temperature 
[°C] 
Block I (P1-3) Bathroom sink A 3.6·104 32.0 
Block I (P1-3) Bathroom sink A (after 2 minutes) 4.9·104 46.5 
Block II (P4-6) Bedroom sink B 3.7·104 34.0 
Block II (P4-6) Bedroom sink B (after 2 minutes) 7.1·104 36.5 
Block II (P4-6) Bathroom shower C 6.6·104 30.0 
Block II (P4-6) Bathroom shower C (after 2 minutes) 4.7·104 41.0 
Block III (P7-8) Kitchen sink D 5.9·104 38.0 
Block III (P7-8) Kitchen sink D (after 2 minutes) 4.1·104 44.0 
Block IV (P9-10) Bathroom bath E 3.7·104 31.5 
Block IV (P9-10) Bathroom bath E (after 2 minutes) 4.6·104 42.5 
20/02/2017 
Block II (P4-6) Bedroom sink B 3.2·104 34.0 
Block II (P4-6) Bedroom sink B (after 2 minutes) 3.2·104 37.0 
Block II (P4-6) Kitchen sink B 1.1·104 50.5 
Block II (P4-6) Kitchen sink B (after 2 minutes) 7.7·103 52.5 
19/02/2018 
Block II (P4-6) Kitchen sink F 5·10² 44.0 
Block II (P4-6) Bathroom sink F 7.8·103 41.0 
Block IV (P9-10) Kitchen sink E 4.7·103 40.0 
Block IV (P9-10) Kitchen sink E (after 2 minutes) 7.5·102 47.0 
Block IV (P9-10) Bathroom shower E 5.0·103 40.5 
Block IV (P9-10) Bathroom sink E 4.8·103 42.0 
Block IV (P9-10) Bathroom sink E (after 2 minutes) 5.0·102 47.5 
 
Measurement results are used as input values for the simulation model. In Figure A6.6 the air 
temperature in the technical room ‘Technical room’, the outside temperature ‘Weather’, the DCW 
temperature ‘DCW’ and the ground temperatures at 2 depths 50cm ‘-50cm’ and 20cm ‘-20cm’ 
have been measured. The air temperature in the ground shaft is 25°C, 20°C higher than the 
outside air temperature (measurement over two hours). 
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Figure A6.6 Ambient air temperature in the technical room ‘Tech_Amb’, outdoor environment ‘Weather’, the 
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